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ABSTRACT 
We have constructed a genealogy of strain S288C, from which many of the 

mutant and segregant strains currently used in studies on the genetics and mo- 
lecular biology of Saccharomyces cereuisMe have been derived. We have deter- 
mined that its six progenitor strains were EM93, EMl26, NRRL YB-210 and 
the three baking strains Yeast Foam, FLD and LK. We have estimated that 
approximately 88% of the gene pool of S288C is contributed by strain EM93. 
The principal ancestral genotypes were those of segregant strains EM93-1C and 
EM93-3B, initially distributed by C. C. LINDEGREN to several laboratories. We 
have analyzed an isolate of a lyophilized culture of strain EM93 and determined 
its genotype as MATaIMATa SUC2lSUC2 GAL21ga12 MALIMAL mellmel CUPI/ 
cup1 FLOl/$ol. Strain EM93 is therefore the probable origin of genes SUCP, 
ga12, CUP1 and $01 of S288C. We give details of the current availability of 
several of the progenitor strains and propose that this genealogy should be of 
assistance in elucidating the origins of several types of genetic and molecular 
heterogeneities in Saccharomyces. 

HE recent explosion of interest in the genetics and molecular biology of T the yeast Saccharomyces cerevisiae has resulted in a rapid expansion of our 
knowledge of this organism. Several lines of evidence have recently shown 
various heterogeneities among strains in, for example, the distribution of re- 
striction sites (OLSON, LOUCHNEY and HALL 19’79), in position and numbers 
of transposable elements (EIBEL et al. 1980) and in chromosome polymorphisms 
(CARLE and OLSON 1985). To assess the relative contributions to these heter- 
ogeneities from recent events, as opposed to differences introduced in the 
development of the initial breeding stocks, we have developed a pedigree of 
some of the most common laboratory strains. 

During the 1930s and 1940s 0. WINCE of the Carlsberg Laboratories in 
Denmark pioneered research on the genetics of yeast. Although his scientific 
career extended back to 1907, he started work on yeast in 1933, using strains 
that had been stored in 10% sucrose many years earlier (as early as 1886) by 
the microbiologist EMIL HANSEN (WINGE and HJORT 1935). Along with 0. 
LAUSTEN and C. ROBERTS, WINCE elegantly elucidated the life cycle of several 
Genetics 11% 55-43 May, 1986. 
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yeasts and began the genetic analyses of sucrose and maltose fermentation 
(WINCE and ROBERTS 1952). WINCE and ROBERTS (1949) characterized the 
first gene for homothallism (symbolized D for diploidization and now desig- 
nated HO).  CARL LINDECREN began research on the genetics of Saccharomyces 
in the 1940s following his study of the genetics and life cycle of Neurospora 
crassa, upon which BEADLE and TATUM later based their pioneering studies in 
microbial genetics. LINDEGREN used yeast strains from a limited number of 
sources in the United States and, in contrast to the breeding strains used by 
WINCE, developed strains that were heterothallic, thus greatly facilitating ge- 
netic research in yeast. We have attempted to review these earlier studies in 
our effort to develop a pedigree of many of the current breeding stocks of S. 
cerevisiae, concentrating primarily on the studies of LINDECREN and later work- 
ers. Part of the studies described here has appeared in earlier abstracts (JOHN- 
STON and MORTIMER 1984; MORTIMER and JOHNSTON 1984). 

ANALYSIS AND RESULTS 

CARL LINDECREN (1949) published a book entitled The Yeast Cell: Its Genetics 
and Cytology, in which he presented much of his early work on yeast. Included 
in this book is a pedigree of the breeding stocks that he and GERTRUDE LIN- 
DEGREN used in many of their early studies. Part of this pedigree, showing in 
particular the ancestry of strains 1426 and 1428 (LINDEGREN numbers) and 
including some information given elsewhere in the book, is redrawn as Figure 
1 .  The equivalence of strains that were designated by LINDECREN as 4 and 93- 
1C (recommended designation EM93- IC) is assumed, but seems likely from 
the information recorded. Strain FLD is listed by LINDEGREN as a commercial 
baking yeast. Strains EM93 and EM126 were isolated by EMIL MRAK of the 
University of California, Davis, in 1938 and 1939, respectively, from rotting 
figs near Merced, California (H. PHAFF and M. MIRANDA, personal communi- 
cation). Whether these strains were originally part of the figs’ flora or were 
spoilage organisms originating as commercial baking and/or brewing yeasts is 
unknown. Strain NRRL-2 10 was isolated from rotting bananas from Costa 
Rica in 1942 (C. KURTZMAN, personal communication) and was originally class- 
ified as S. microellipsoideus. It has since been identified as S. cereviseae (D. 
YARROW, personal communication) or S. uvarum (S. bayanus) (C.  KURTZMAN, 
personal communication). 

The LINDEGRENS also made a major contribution to yeast genetics by dis- 
tributing haploid breeding strains to several other early yeast geneticists; 
namely, POMPER and BURKHOLDER (1949); REAUME and TATUM (1949); Ro- 
MAN, HAWTHORNE and DOUGLAS (1 95 1); and ZIRKLE and TOBIAS (1 949). Our 
investigations have revealed that in every case those haploids were derived 
from strain EM93 and, in particular, were most probably the meiotic segregant 
strains EM93-1C (a) and EM93-3B (a). POMPER and BURKHOLDER (1949) sim- 
ply identified these latter strains as “a” and “a” (strains 63 and 62; S. POMPER, 
personal communication). ROMAN, HAWTHORNE and DOUGLAS (1 95 1) desig- 
nated EM93-1C as “clone 1 ”  (H. ROMAN, personal communication) and as 
strain 287 (HAWTHORNE 1956) and ZIRKLE and TOBIAS (1949) used both 
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S. carlsbergensis S. cerevisiae S. microellipsoideus S. cerevisiae 
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1426 1428 
FIGURE 1.-Pedigree of the LINDEGREN strains 1426 and 1428. The diagram is essentially a 

reconstruction from LINDECREN (1 949). We have concluded that the LINDEGREN strains designated 
4 and EM93-1 C (distributed to other laboratories) are equivalent. Strain NRRL-2 10, originally 
classified as S. microellipsoideus, is now classified under either S. cereviseue (D. YARROW, personal 
communication) or S. uvurum ( C .  KURTZMAN, personal communication). It has been proposed that 
S. carlsbergensis be included in S. uuarum and that S. uvurum be included in S. cereuisiae (YARROW 
1984). However, it has also been recently proposed that S. cerevisiue, S. bayanus (including S. 
uuurum) and possibly also S. curlsbergensis constitute different species (MARTINI and KURTZMAN 
1986). 

strains EM93 (SC6) and EM93-1C (SC7). (An error in denoting strain EM93- 
3B as 93-3P was perpetuated over a number of years.) One of us (R.K.M.) 
began research in yeast genetics in the TOBIAS laboratory, Berkeley, using 
strain EM93-1C (SC7) together with some strains obtained from S. E. REAUME 
(in the TATUM laboratory, Stanford). These additional strains were YO2022 
and Y02587, and from information originally obtained from REAUME and 
TATUM, and more recently from POMPER, we have determined that these 
strains also derive entirely from strain EM93. 

The strain S288C was isolated through genetic crosses by one of us (R.K.M.) 
as a parental strain to be used for isolation of biochemical mutants. Conditions 
established for this strain were that it be nonclumpy (nonfloccu1ent)-i.e., dis- 
persed as single cells in liquid culture-and that it have a minimal number of 
nutritional requirements. In fact, S288C requires only biotin, a nitrogen 
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FIGURE 2.-Progenitor strains of S288C, X2180-1A and X2180-1B. In addition to the four 

strains, EM126, FLD, NRRL-210 and EM93 (Figure l) ,  from which the LINDEGREN strains 1426 
and 1428 were derived, are strains Yeast Foam and LK, both baking yeasts. Solid lines show direct 
crosses; broken lines indicate that there were intervening crosses. The origins of laboratory strains 
can be allocated as follows: MRAK: EM93 and EM126; WICKERHAM: NRRL-210; LINDEGREN: 
EM93-1C, EM93-3B, 1426, 1428, C X L-10; POMPER: 62 and 67; REAUME: 99R; EPHRUSSI: 2761 
3Br; ROMAN and DOUGLAS: 463-2d; RAUT: 1914; HAWTHORNE: 1198-lb; MORTIMER: S139D, 
S177A, S288C. 

source, glucose and an asssortment of salts and trace elements. The ancestry, 
with the omission of many intervening crosses, of strain S288C is shown in 
Figure 2. The immediate parents were strains EM93-1C (SC7) and S177A. 
One parent, S139D, of the latter strain was derived (by R.K.M.) entirely from 
the LINDEGREN strains EM93-1C and EM93-3B via strains 99R (REAUME and 
TATUM), 67 and 62 (POMPER). Strain 67 (POMPER and BURKHOLDER 1949) was 
obtained from REAUME, but as far as we can determine was strain 93-1C. The 
other parent of S177A, 1198-1b, resulted from a large number of crosses made 
by D. C. HAWTHORNE in order to study genetic segregation for the fermen- 
tation of sucrose, maltose, a-methylglucoside and galactose (HAWTHORNE 
1956). These crosses involved (D. HAWTHORNE, personal communication) the 
progenitor strains of POMPER, REAUME and TATUM, LINDEGREN’S 1426 and 
1428 (Figure l), strain 463-2d (ROMAN and DOUGLAS) derived from the LIN- 
DEGREN diploid strain C X L-10 (LINDEGREN 1949) strain 276/3Br (EPHRUSSI, 
HOTTINCUER and TAVLITZKI 1949) and the strain 19 14. This final strain was 
received from C. RAUT, and although we have been unable to trace its specific 
pedigree, it appears likely (RAUT 1953) that it was derived from the same 
*ancestral strains as were LINDEGREN strains 1426 and 1428 (Figure 1). The 
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other seven progenitor strains of 1198-lb were descendants of the same four 
original strains shown in Figure 1 and, in addition, the baking yeasts LK 
(LINDEGREN 1949), where L apparently symbolizes Lallemand (C. KURTZMAN, 
personal communication) and “Yeast Foam” (EPHRUSSI, HOTTINCUER and TAV- 
LITZKI 1949). This latter yeast is heterothallic and originated as a bakers’ yeast 
from Northwestern Yeast Company, Chicago (WINGE and ROBERTS 1984). 
Figure 2 also shows the derivation of strain X2180, by self-diploidisation of 
S288C, and the isogenic MATa and MATa haploid strains, X2180-1A and 
X2 1 80- 1 B, derived from this diploid. 

Strain S288C or an ade2-1 mutant of it, DV147, were used to isolate the 
original alleles of most of the nutritional mutants currently used in yeast ge- 
netics research (HAWTHORNE and MORTIMER 1960; MORTIMER and HAW- 
THORNE 1966). For example, all, or nearly all, of the mutants in the arginine, 
histidine, tryptophan, uracil, threonine-methionine, leucine, lysine and serine 
pathways were isolated from these strains. Analysis of the pedigrees illustrated 
in Figures 1 and 2 shows that strain EM93 contributes approximately 90% of 
the genome of S288C. Strains EM126, NRRL-210, FLD, LK and Yeast Foam 
contribute the balance. 

Mutants of S288C (MATa)  were brought together in various combinations 
to provide many of the strains for the Yeast Genetic Stock Center, which has 
been in operation formally since 1970 and informally since 1960. Backcrosses 
were made using MATa strains Y02587, 1198-lb and 4209A. The first of 
these strains is derived entirely from strain EM93. We have estimated that the 
contribution of strain EM93 to strain 1198-lb is approximately 30%. Strain 
4209A was obtained from H. ROMAN and was derived from the same progen- 
itor strains as shown in Figure 2, but with an increased contribution of Yeast 
Foam through the mutant 276/3Br (ade2). 

In the course of our investigations we were fortunate to find samples of the 
diploid strain EM93 (SC6) that had been lyophilized in the TOBIAS laboratory, 
Berkeley, in 1951. Several isolates of these samples were cultured and classi- 
fied. They all sporulated well, but varied in their level of ascospore viability. 
In particular, a few apparently segregated for a recessive lethal mutation, 
perhaps resulting from the lyophilization process. Isolate 10 yielded the highest 
recovery of viable tetrads, and we selected this strain for tetrad analysis. LIN- 
DEGREN (1949) reported heterozygosity of strain EM93 for mating type, gal- 
actose fermentation and the characteristic “dispersed” vs. “flaky” growth. Te- 
trad analysis of our isolate of strain EM93 confirms these segregations. We 
have shown by linkage and complementation tests that the genes segregating 
are MAT,  gal2 and FLOl; in addition, strain EM93 is heterozygous for CUP11 
cup1 (R. CONTOPOULOU, unpublished results; DE ZOYSA 1985). 

DISCUSSION 

In elucidating the genealogy of strain S288C, and its derivative strains 
X2180-1A and X2180-1B, we have determined that strain EM93, through its 
segregant strains EM93-1 C and EM93-3B, is the principal progenitor strain. 
We have calculated the contribution of these segregants of strain EM93 to the 
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gene pool of strain S288C as approximately 88%. We have also concluded 
that, in turn, strain S288C (or strains closely related to it) is a major source 
of the gene pool of most laboratory strains. Our tetrad analysis of an isolate 
of strain EM93, lyophilized in Berkeley in 1951, showing it to be heterozygous 
for gal2 and CUP1 and homozygous for SUC2 is evidence that strain EM93 is 
the origin of these genes which are present in strain S288C. 

The genotype of strain 1198-lb was mal mel gal2 SUC, but it is likely that 
the source of gal2 in this strain was also strain EM93. The gene gall originated 
in the LINDEGREN strain 1426 (HAWTHORNE 1956). We have determined that 
the source of the mal gene in strains 1198-lb and S288C is progenitor strain 
NRRL-2 10 (C. KURTZMAN, personal communication). 

Fortunately, several progenitor strains and strains derived from them are 
still available in different stock collections. Strain EM93 is in culture at the 
University of California, Davis (M. MIRANDA and H. PHAFF, personal com- 
munication) and at the Food Research Institute, Norwich, England [National 
Collection of Yeast Cultures (NCYC), strain NCYC 2921. The latter strain was 
deposited by S. JACKSON, who received the strain from C. LINDEGREN in 195 1 
(NCYC Catalog, June 1981). Strain EM126 is also in culture at the University 
of California, Davis. The isolate of strain EM93, on which we have performed 
tetrad analysis, is available from the Yeast Genetic Stock Center, Berkeley, and 
the University of Strathclyde, Glasgow. Although the strains EM93-1C and 
EM93-3B are apparently no longer available, mutant strains 99R (REAUME and 
TATUM 1949) and 200, which we believe are derivatives of the former strains, 
respectively, are also available from the Yeast Genetic Stock Center (R. K. 
MORTIMER and C. R. CONTOPOULOU, YGSC Catalog, January 1984). Of the 
remaining four progenitor strains of S288C, two are available. Strain NRRL 
YB-210, also designated as NRRL Y-1350, is in culture at the Northern Re- 
gional Research Center, Peoria, Illinois, and (as strain CBS 6333) at the Cen- 
traalbureau voor Schimmelcultures, Delft, The Netherlands (C. KURTZMAN, D. 
YARROW, personal communications). The strain “Yeast Foam” (or “American 
Yeast Foam”) is listed as culture NCYC 232 (NCYC Catalog, June, 1981) and 
as culture CBS 1428 (D. YARROW, personal communication). 

In addition to strain S288C, several other strains have played a key role in 
the development of yeast genetics. These include FLlOO (LACROUTE 1968, 2 
127813 (GRENSON et al. 1966) and A364A (HARTWELL 1967). The relationships 
of these strains to strain EM93 and S288C remain to be fully determined, 
although our preliminary analyses indicate that FL 100 and A364A are closely 
related to S288C. Strain 2 1278b is a segregant of a cross between a segregant 
of Yeast Foam and strain 1422-1 1D (HAWTHORNE), which we believe was 
derived from the same progenitor strains as shown in Figure 2. Another bak- 
ers’ yeast, referred to as Boulangerie 11, was the source of the nuclear petite 
mutant, pet1 (CHEN, EPHRUSSI and HOTTINGUER 1950). 

A major frustration in our analysis was the practice of several investigators 
to change the designations of strains sent to them. For example, strain EM93- 
1 C has been assigned several synonyms by different investigators, including 
LINDEGREN (Table 1). Table 1 presents a record of synonyms and culture 
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collection numbers, along with recommended designations for several of the 
progenitor strains of S288C. We would recommend most strongly that inves- 
tigators, if they choose to use new strain designations, also present the previous 
or original strain designations as synonyms in publications or communications. 

We hope that the genealogy described in this paper will be of value in the 
analyses of various strain heterogeneities. For example, structural heterology 
of a region of chromosome ZZZ has been shown between the species S. cerevisiae 
and S. carlsbergensis by the techniques of classical and molecular genetics (NILS- 
SON-TILLGREN et al. 198 1 ; HOLMBERG, 1982). DNA sequence polymorphisms 
of the RDNI gene (PETES 1979), on chromosome X U ,  and the HIS4 gene 
(chromosome IZZ) among various yeast strains, including those of the species 
S. cereviseae, S. uvarum and S. carlsbergensis have also been described (PEDERSEN 
1983). In addition, polymorphisms in chromosome size (CARLE and OLSON 
1985), restriction sites (OLSON, LOUGHNEY and HALL 1979) and TYI number 
and chromosome location (EIBEL et a l .  1980) have been found. 

This work was supported by Public Health Service grant GM-30990 from the National Institutes 
of Health and a grant from the Office of Health and Environmental Research of the United States 
Department of Energy under contract DE-AC03-76SF00098. We thank DONALD HAWTHORNE, 
CLETUS KURTZMAN, MARY MIRANDA, HERMAN PHAFF, SEYMOUR POMPER, HERSCHEL ROMAN and 
DAVID YARROW for providing information essential to our study. 
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Designer Deletion Strains derived from Saccharomyces
cerevisiae S288C: a Useful set of Strains and Plasmids
for PCR-mediated Gene Disruption and Other
Applications
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A set of yeast strains based on Saccharomyces cerevisiae S288C in which commonly used selectable marker genes are
deleted by design based on the yeast genome sequence has been constructed and analysed. These strains minimize or
eliminate the homology to the corresponding marker genes in commonly used vectors without significantly affecting
adjacent gene expression. Because the homology between commonly used auxotrophic marker gene segments and
genomic sequences has been largely or completely abolished, these strains will also reduce plasmid integration events
which can interfere with a wide variety of molecular genetic applications. We also report the construction of new
members of the pRS400 series of vectors, containing the kanMX, ADE2 and MET15 genes. ? 1998 John Wiley &
Sons, Ltd.

Yeast 14: 115–132, 1998.

  — Saccharomyces cerevisiae; yeast; gene disruption; S288C; bacteria-yeast shuttle vectors; auxotrophic
markers

INTRODUCTION

Deletion mutations are valuable because they
never revert. This is particularly true with regard
to DNA transformation because there is no
background of revertants to sort through; any
organism that acquires the wild-type phenotype is
by definition a transformant. A problem with most
deletion alleles is that they rarely precisely affect a
single gene; there may be ‘collateral’ effects on
one or more adjacent genes that can confound
genetic analysis. The availability of whole-genome
sequence information together with modern

recombinant technologies like the polymerase
chain reaction (PCR) allows the precise design of
deletions that are much less likely to have such
problems. We have designed a strategy exploiting
these technologies to create a set of precise deletion
alleles of commonly used auxotrophic markers in
the yeast Saccharomyces cerevisiae. As additional
complete genomes are sequenced, this strategy can
be used to create high quality deletion alleles in
other organisms.
Traditionally the yeast S. cerevisiae has served

as one of the best genetically tractable eukaryotic
systems. Researchers have for years been able to
disrupt genes in yeast in order to study their
mutant phenotypes; however, the techniques used
for gene disruption have had limitations. First, the
gene to be disrupted had to be cloned. Second,
because available restriction sites were used to
delete a portion of the gene and insert a selectable
marker, 5* or 3* fragments of the gene were often

*Correspondence to: J. D. Boeke, Hunterian 617, Department
of Molecular Biology and Genetics, Johns Hopkins University
School of Medicine, 725 N. Wolfe Street, Baltimore, MD
21205, U.S.A. Tel: (+1) 410 955 2481; fax: (+1) 410 614 2987;
e-mail: jef.boeke@qmail.bs.jhu.edu.
†Present address: Department of Biochemistry, University of
California, San Francisco, CA, U.S.A.
Contract grant sponsor: NIH.
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? 1998 John Wiley & Sons, Ltd.
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left in the genome, raising potential doubt about
the null phenotype. A method has recently been
developed that allows complete deletion of the
gene of interest and its replacement with an auxo-
trophic marker gene (Baudin et al., 1993; Lorenz
et al., 1995). This procedure, called PCR-mediated
gene disruption, requires only knowledge of the
genomic sequence of the gene of interest, allowing
for precise gene deletion prior to its cloning and
immediate study of the null phenotype. Along with
the availability of the entire S. cerevisiae genomic
sequence, the method of PCR-mediated gene dis-
ruption has changed the face of yeast genetics,
enabling researchers to quickly assess a gene’s
possible function through evaluation of the null
phenotype, and to efficiently tackle the more
complex problems inherent in the analysis of
multi-gene families.
Like its predecessor method, one-step gene

disruption (Rothstein, 1983), PCR-mediated gene
disruption relies on the fact that homologous
recombination in yeast can be efficiently mediated
by linear fragments of DNA. The method requires
two 260 nucleotide (nt) PCR primers; the 20 nts
of sequence at the 3* ends of each primer is specific
for the amplification of an auxotrophic marker
gene, and the 40 nts of sequence at the 5* ends is
identical to the left and right genomic sequence
flanking the gene of interest. Using these targeting
primers, the auxotrophic marker gene is amplified
and the resulting PCR product contains the
marker gene and 40 bp of genomic DNA sequence
to the left and right of the gene deletion of interest.
This product is then transformed into yeast, and
stable transformants are selected on appropriate
medium. These transformants include those cells in
which two crossover events occurred, one between
each end of the 40 bp target sequences of the PCR
product and the corresponding genomic DNA
sequence, thereby replacing the gene of interest
with the auxotrophic marker gene.
A limitation of this method has been that the

genomic alleles of many of the most commonly
used auxotrophic markers are point mutations,
small internal deletions, or Ty1 insertions, and
therefore retain large regions of homology to the
internal selectable marker segment of the PCR
product. This results in a high background of
positive transformants in which the marker gene
has replaced the auxotrophic mutation by marker
locus gene conversion, leaving the gene of interest
unaffected. This problem is circumvented by use of
the set of ‘designer’ deletion strains we have made,

in which some commonly used auxotrophic
marker genes have been completely deleted. These
strains eliminate the background of undesired
marker gene convertants. Because the homology
between commonly used auxotrophic marker gene
segments and genomic sequences has been largely
or completely abolished, these strains will also
reduce plasmid integration events which can inter-
fere with a wide variety of molecular genetic
applications. We have also constructed a designer
deletion allele of the MET15 gene, a selectable
marker gene which is useful both because it is
counterselectable and because it can be used as a
colony color marker (Cost and Boeke, 1996).
Additionally, we have increased the repertoire of

the pRS plasmids by constructing new versions
containing the kanMX marker (Wach et al.,
1994), ADE2 and MET15 markers. Finally, we
have designed universal PCR primers for PCR-
mediated gene disruption. This strategy allows the
amplification of each of the auxotrophic marker
genes found in the pRS set of plasmids (Sikorski
and Hieter, 1989). Thus, the same primers can be
used to amplify any of the auxotrophic marker
genes, allowing for much greater flexibility in the
design of gene knockout experiments.

MATERIALS AND METHODS

Strains and media
The yeast strains are all directly descended from

FY2 (Winston et al., 1995), which is itself a direct
descendant of S288C, and are described in Table 1.
The genealogy of the strains in this paper is
summarized in Figure 1. Media used were as
described (Boeke et al., 1984; Rose et al., 1990), or
as described in Table 2 for scoring the met15
marker. Efficient sporulation of diploids required
growth as a patch on freshly poured GNA pre-
sporulation plates (5% glucose, 3% Difco nutrient
broth, 1% Difco yeast extract, 2% agar) for 1 day
at 30)C prior to transfer to liquid sporulation
medium (1% potassium acetate, 0·005% zinc acet-
ate). Typically, a generous matchhead of cells was
resuspended in 2 ml of liquid sporulation medium.
Sporulation cultures were incubated on a roller
wheel for 1 day at 25)C followed by 3–5 days at
30)C and could be readily dissected. In general,
sporulation efficiencies were of the order of 20–
30% (pre-growth of diploids on YPD instead of
GNA resulted in somewhat lower sporulation
efficiencies).

116 . .   .
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Table 1. Yeast strains.

Strain
ATCC
numbera Genotype

FY2 MATá ura3-52
FY3 MATa ura3-52
FY4 MATa
FY5 MATá
YCB436 MATa ade2Ä::hisG his3Ä200 leu2Ä1 lys2Ä202 trp1Ä63 ura3-52
BY378 MATá his3Ä200 ura3-52
BY379 MATa his3Ä200
BY388 MATa ade2Ä::hisG his3Ä200 trp1Ä63 ura3-52
BY389 MATá ade2Ä::hisG his3Ä200 trp1Ä63 ura3-52
BY397 MATa ade2Ä::hisG his3Ä200 trp1Ä63
BY398 MATá ade2Ä::hisG his3Ä200 trp1Ä63
BY399 MATa ade2Ä::hisG his3Ä200 trp1Ä63 ura3Ä0
BY401 MATá ade2Ä::hisG his3Ä200 trp1Ä63 ura3Ä0
BY404 MATa ade2Ä::hisG his3Ä200 leu2Ä0 trp1Ä63 ura3Ä0
BY406 MATá ade2Ä::hisG his3Ä200 lys2Ä0 trp1Ä63 ura3Ä0
BY411 MATá ade2Ä::hisG his3Ä200 lys2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY413 MATá his3Ä200 lys2Ä0 met15Ä0
BY418 MATá ade2Ä::hisG his3Ä200 leu2Ä0 lys2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4700 200866 MATa ura3Ä0
BY4702 200867 MATá leu2Ä0 lys2Ä0 met15Ä0
BY4704 200868 MATa ade2Ä::hisG his3Ä200 leu2Ä0 lys2Ä0 met15Ä0 trp1Ä63
BY4705 200869 MATá ade2Ä::hisG his3Ä200 leu2Ä0 lys2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4706 200870 MATa met15Ä0
BY4707 200871 MATá met15Ä0
BY4709 200872 MATá ura3Ä0
BY4710 200873 MATa trp1Ä63
BY4711 200874 MATá trp1Ä63
BY4712 200875 MATa leu2Ä0
BY4713 200876 MATá leu2Ä0
BY4714 200877 MATa his3Ä200
BY4715 200878 MATa lys2Ä0
BY4716 200879 MATá lys2Ä0
BY4717 200880 MATa ade2Ä::hisG
BY4718 200881 MATa met15Ä0 ura3Ä0
BY4719 200882 MATa trp1Ä63 ura3Ä0
BY4720 200883 MATá lys2Ä0 trp1Ä63 ura3Ä0
BY4722 200884 MATá leu2Ä0 ura3Ä0
BY4723 200885 MATa his3Ä200 ura3Ä0
BY4724 200886 MATa lys2Ä0 ura3Ä0
BY4725 200887 MATa ade2Ä::hisG ura3Ä0
BY4726 200888 MATá ade2Ä::hisG ura3Ä0
BY4727 200889 MATá his3Ä200 leu2Ä0 lys2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4728 200890 MATa his3Ä200 trp1Ä63 ura3Ä0
BY4729 200891 MATá his3Ä200 trp1Ä63 ura3Ä0
BY4730 200892 MATa leu2Ä0 met15Ä0 ura3Ä0
BY4731 200893 MATá leu2Ä0 met15Ä0 ura3Ä0
BY4732 200894 MATá his3Ä200 met15Ä0 trp1Ä63 ura3Ä0
BY4733 200895 MATa his3Ä200 leu2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4734 200896 MATá his3Ä200 leu2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4735 200897 MATá ade2Ä::hisG his3Ä200 leu2Ä0 met15Ä0 trp1Ä63 ura3Ä0
BY4736 200898 MATa ade2Ä::hisG his3Ä200 met15Ä0 trp1Ä63 ura3Ä0
BY4737 200899 MATá ade2Ä::hisG his3Ä200 met15Ä0 trp1Ä63 ura3Ä0
BY4738 200900 MATá trp1Ä63 ura3Ä0
BY4739 200901 MATá leu2Ä0 lys2Ä0 ura3Ä0
BY4740 200902 MATa leu2Ä0 lys2Ä0 ura3Ä0
BY4741b 201388 MATa his3Ä1 leu2Ä0 met15Ä0 ura3Ä0
BY4742b 201389 MATá his3Ä1 leu2Ä0 lys2Ä0 ura3Ä0

Data in this table are maintained electronically at http://www.welch.jhu.edu/2gregory/MET15.html.
aATCC, American Type Culture Collection, Rockville, MD.
bStrains selected as parent strains for the international systematic Saccharomyces cerevisiae gene disruption project.
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PCR of marker flanking sequences
Oligos LEU2-1 (cggggtaccACAGAGTACTTT

ATACGTAC—small letters indicate restriction
sites added) and LEU2-2 (cgcggatccGAGAACA
TTCATGATTAGAGG) were used to amplify a
1010 bp region to the left of LEU2 and oligos
LEU2-3 (cgcggatccCGACACGAAATTACAAA
ATG) and LEU2-4 (cggctggagctcCAAGTGTGTC

TTGGAAGCCG) were used to amplify a 1220 bp
region to the right of LEU2. Oligos LYS2-1
(cggggtaccGTACCTTTTTGAACTTCGTC) and
LYS2-2 (cgcggatccAGAAGCGGTCAGGAAGA
AG AAA) were used to amplify a 917 bp region to
the left of LYS2 and oligos LYS2-3 (cgcggatccTC
CATGTACAATAATTAAATATGAATTAGG)
and LYS2-4 (cggctggagctcCATCATGCTGCGA

Figure 1. Genealogy of the designer deletion strains. A diagram presenting the
lineage of the designer deletion strains and defining them as direct descendants of
the original S288C isolate. Lines with arrows indicate that the identified allele
was introduced by transformation. Lines connecting two strains define a mating
between the two strains, and lines without arrows indicate that a spore from the
mating was identified. In those instances where spores were identified, their
genotypes are indicated. Further details of the genealogy are presented in
Materials and Methods.

118 . .   .

? 1998 John Wiley & Sons, Ltd.  . 14: 115–132 (1998)

YM95NC Attachment -- Page 13



AGAACTA) were used to amplify a 1178 bp
region to the right of LYS2. Oligos MET15-1
(cggggtaccAAGTTCTCGTCGAATGCTAGG)
and MET15-2 (cgcggatccTGCCAACCACCACA
G TTCCCC) were used to amplify a 1034 bp
region to the left of MET15 and oligos MET15-3
(cgcggatccTCAGATATAGTCGGATTGCCC)
and MET15-4 (cggctggagctcGGTGTTGACACC
TTCTCCGC) were used to amplify a 2084 bp
region to the right of MET15. In all cases, the left
fragment included a KpnI site at its 5* end and a

BamHI site at its 3* end, and the right fragment
included a BamHI site at its 5* end and a SacI site
at its 3* end.

Plasmids
pJL164 contains the BglII–BamHI genomic

fragment containing URA3 cloned into the BamHI
and XhoI sites, respectively, of pRS305; the URA3
ORF has been deleted from this construct by
removing a 1·1 kb segment from HindIII to SmaI,
leaving a SmaI linker at the deletion junction.
pAD1 is pRS406 containing the left and right
flanking fragments of LEU2. The left fragment
was first digested with KpnI and BamHI and the
right fragment was digested with BamHI and SacI.
Both fragments were then purified and ligated into
pRS406 linearized with KpnI and SacI. Correct 3
piece ligations were confirmed by restriction diges-
tion. Plasmids pAD2 (pRS406 containing the left
and right flanking fragments of LYS2) and pAD4
(pRS406 containing the left and right flanking
fragments ofMET15) were constructed in an iden-
tical manner. These plasmids are available from
ATCC (Table 3).

New pRS plasmids
In these plasmids, the composition, orientation

and position of insertion of the CEN/ARS and
2 ì cassettes are identical to those described by
Sikorski and Hieter (1989) and Christianson et al.
(1992), respectively. Throughout pRS plasmid

Table 2. Medium used for scoring met15.

Lead platesa (per liter)

3 g peptone
5 g yeast extract
200 mg ammonium sulfate
20 g agar
q.s. 800 ml with water
Autoclave
1 g lead nitrate (add 2 ml 0·5 g/ml filter-sterilized stock
after cooling above mixture to 55)C)
40 g glucose (add 200 ml 20% stock)

aLead plates are useful because met15 strains are dark brown to
black, whereas wild-type strains are white. To score the Met"

auxotrophic phenotype, use SD plates supplemented with the
requirements of the strain. Note that SC"met medium cannot
be used unless cysteine is also omitted, as either methionine or
cysteine allows growth of met15mutants (Ono et al., 1991; Cost
and Boeke, 1996).

Table 3. Description of Ä0 deleter plasmids.

Plasmid ATCC numbera Resulting allele Enzyme for linearizationb Selection(s)c

pAD1 87468 leu2Ä0 SalI Ura+, FoaR

pAD2 87469 lys2Ä0 ClaI Ura+, FoaR

pAD4 87470 met15Ä0 ClaI Ura+, FoaR

pJL164 87471 ura3Ä0 SpeI, XhoI One-step FoaR

Other cloned deletions
YRp14-his3Ä200 77146 his3Ä200 Ura+, FoaR

YRp14-leu2Ä1 77147 leu2Ä1 Ura+, FoaR

YRp14-trp1Ä63 77148 trp1Ä63 Ura+, FoaR

pÄADE2 99604 ade2::hisG::URA3::hisG One-step FoaR

aThe set of four designer deletion plasmids in this table is available from ATCC as a kit (87472) of four strains.
bCutting with the indicated enzyme will target the plasmid to the desired locus. In the case of pJL164, two enzymes are used to
release the fragment containing the deleted genomic region of URA3. Deletion of URA3 requires two homologous recombination
events.
cTwo-step gene replacements (indicated as Ura+, FoaR) are required for most of these plasmids. For pJL164, which is a single-step
replacement, cells are outgrown on YPD at 30)C prior to replica-plating to Foa medium. See Materials and Methods for details.

119       
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construction, all 5* overhangs created by restric-
tion digests were blunted by filling in with the
Klenow large fragment of Escherichia coli DNA
polymerase, and all 3* overhangs were made blunt
using the 3* to 5* exonuclease activity of T4 DNA
polymerase. All sites indicated on the restriction
maps were verified by digestion.

Construction of the MET15 plasmids, pRS401,
pRS411 and pRS421 The pRS40X series precur-
sor plasmid pJK142 (Keeney and Boeke, 1994)
was digested with NdeI, blunted and the minimal
complementing 1621 bp EheI–ScaI fragment of the
MET15 genomic locus was inserted to create
pRS401 (EheI recognizes the same site as NarI but
leaves a blunt end). pRS401 was digested with
AatII, blunted, and a 514 bp HincII–PstI (blunt)
fragment of pRSS84 containing the CEN6/ARSH4
cassette (Sikorski and Hieter, 1989) inserted to
create pRS411. pRS401 was digested with AatII,
blunted, and the 1345 bp HpaI–NdeI (blunt) frag-
ment of YEp24 containing the 2 ì ori (A form;
Christianson et al., 1992) was inserted to create
pRS421.

Construction of the ADE2 plasmids, pRS402,
pRS412 and pRS422 pJK142 was digested with
NdeI, blunted, and a 2252 bp BglII (blunted)
fragment of pASZ11 (kindly provided by Patrick
Linder) containing a minimal complementing
region of the ADE2 genomic locus (Stotz and
Linder, 1990) was inserted to create pRS402. The
CEN6/ARSH4 plasmid pRS412 and the 2 ì plas-
mid pRS422 were created by ligation of the
1246 bp ApaLI fragment of pRS402 and the
3781 bp ApaLI fragment of pRS402 with either
the 1011 bp CEN6/ARSH4 ApaLI fragment of
pRS411 or the 1837 bp 2 ì ApaLI fragment of
pRS421. It should be noted that these ADE2
clones bear a silent A to G mutation at nucleotide
1243 of the GenBank sequence designed to
destroy a BglII restriction site (Stotz and Linder,
1990).

Construction of the kanMX4 pRS400 plasmid
pJK142 was digested with NdeI, blunted, and a
1483 bp SmaI to EcoRV fragment of pFA6A
(Wach et al., 1994) containing kanMX4 was
inserted, and kanamycin-resistant transformants
were isolated. The initial clone was found to
contain two copies of the vector sequence ligated
in tandem with a single copy of kanMX4. This

clone was digested with AatII and re-ligated to
create pRS400 which contains a single copy of the
vector and kanMX4.

Construction of markerless pRS vectors The
CEN6/ARSH4 plasmid pGC25 and the 2 ì
plasmid pGC26 were created by ligation of the
1246 bp ApaLI fragment of pRS402 and the
1527 bp ApaLI fragment of pJK142 with either
the 1011 bp CEN6/ARSH4 ApaLI fragment of
pRS411 or the 1837 bp 2 ì ApaLI fragment of
pRS421. These plasmids contain either the CEN6/
ARSH4 or the 2 ì sequence, but lack a selectable
marker for use in S. cerevisiae. pGC25 (CEN) and
pGC26 (2 ì) should be useful as the basis for a
further extension of the pRS line to encompass an
even greater diversity of markers.

Introduction of gene disruption mutations into
yeast and strain history
We introduced the ade2Ä::hisG mutation into

YPH681 (a direct descendant of FY2) to create
YCB436 using the previously described ADE2
disrupter pÄADE2 (Aparicio et al., 1991), which
results in deletion of the ADE2 ORF (with the
exception of six C-terminal amino acids) and
replacement with a copy of the bacterial hisG gene.
To create the correct starting strains for the
designer deletions, YCB436 was crossed to BY378
and the resulting diploid was sporulated. Two
spores from this cross, YCB451 and YCB452 were
then gene converted to URA3+ by transformation
with the 13 kb EcoRI fragment containing URA3+

(derived from pSK179 provided by S. Kunes) and
selection for Ura+, thus creating strains BY397
and BY398, respectively. To introduce the ura3Ä0
deletion, the SpeI–XhoI fragment from pJL164
was transformed into these two strains, transform-
ants were grown for 1 day at 30)C on YPD plates
to allow loss of pre-existing Ura3 protein and
development of the FOAR phenotype (Ronne and
Rothstein, 1988) and then replica-plated to 5-FOA
plates. 5-FOAR colonies were identified and
patched onto YPD. These were screened for URA3
deletions by a reversion analysis. The YPD plates
were replica-plated to SC"ura plates and irradi-
ated with UV-light at 100 J/m2 using a Stratalinker
(Stratagene; setting of 100 ìJ#100/cm2). Follow-
ing irradiation, plates were wrapped in foil to
prevent photoreactivation and incubated for
several days at 30)C. Using this test, ura3Ä0 dele-
tions were identified by their inability to revert to
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Ura+, whereas point mutations reverted. Finally,
correct ura3Ä0 deletions in strains BY399 and
BY401 were confirmed by Southern blot analysis
(Ausubel et al., 1987).
Figure 2 describes the method used to introduce

the remaining designer deletion mutations. First,
deleter plasmids pAD1, pAD2 and pAD4 were
linearized at unique sites within each right flanking
fragment (pAD1 with SalI, pAD2 and pAD4 with
ClaI) and transformed into the ura3Ä0 strains.
Genomic integrants were selected on SC"ura
plates. Ura+ colonies were replica-plated to YPD
plates to allow recombinational loss of the
integrated URA3 marker and pRS406 backbone
and then replica-plated to 5-FOA plates to identify
those that had become Ura". 5-FOA-resistant
colonies were picked and checked for loss of the
targeted auxotrophic marker by replica-plating
to SC"leu, SC"lys or lead-containing plates
(met15 strains are brown on these plates). Finally,
deletions were confirmed by Southern analysis.
The pAD1 transformation was performed in strain
BY399 to create BY404, the pAD2 transformation
was performed in strain BY401 to create BY406
and the pAD4 transformation was performed in
strain BY406 to create BY411.
To create a set of strains consisting of a varying

array of deletion alleles, BY411 (MATá ura3Ä
met15Ä0 trp1Ä63 his3Ä200 ade2Ä lys2Ä0) was
crossed to BY379 (MATa his3Ä200) and a spore
was selected with the following genotype: MATá
met15Ä0 his3Ä200 lys2Ä0. This strain, BY413, was
mated to BY404 (MATa ura3Ä leu2Ä0 trp1Ä63
his3Ä200 ade2Ä). Tetrad dissection of four result-
ing diploids yielded an unexpected result: two
spores of each tetrad grew slowly on rich medium,
irrespective of genotype. Suspecting that these
might have resulted from a single nuclear petite
mutation, we tested all tetrads for growth on
glycerol- and ethanol-containing rich medium
(petite strains cannot utilize these carbon sources
and so fail to grow). We found that these slow-
growing spores did not exhibit a petite phenotype
since all spores grew on these plates. We back-
crossed one of the faster-growing spores from this
cross (BY418; MATá ura3Ä met15Ä0 trp1Ä63
his3Ä200 ade2Ä lys2Ä0 leu2Ä0) to the parent FY4
(MATa) prototrophic strain. All spores obtained
from tetrad dissection of this cross grew equally
well, indicating that the mutation causing slow
growth observed in the previous cross had
been eliminated. The strain history is presented
schematically in Figure 1).

Northern analysis of flanking genes
RNA was prepared from 10 ml of a log-phase

culture (OD600=1–2) grown in YPD at 30)C. The
cells were washed once in water and resuspended
in 0·3 ml RNA buffer (0·1 -NaCl, 0·1 -Tris base,
0·03 -EDTA, 1% w/v N-lauryl sarcosine, pH 8·9–
9·0) and frozen at "70)C. Upon thawing, 0·4 g
glass beads, 0·15 ml phenol and 0·15 ml chloro-
form were added, and the cells were broken by
vortexing for 10 min. Following a short spin to
separate the phases, 1/10th volume 3 -NaOAc
and 2·5 volumes ice-cold EtOH were added to the
aqueous layer to precipitate the nucleic acids
(mostly RNA). The precipitate was dissolved in
100 ìl of loading buffer (50% formamide, 25%
water, 15% formaldehyde, 10% 10#MOPS—
0·2 -morpholinopropane-sulfonic acid, 0·05 -
NaOAc, 0·01 -Na2EDTA; pH adjusted to 7·0
with NaOH). 10 ìg RNA was first heated to 55)C
for 15 min and then electrophoresed on a 1·2%
agarose/formaldehyde gel as described (Ausubel
et al., 1987. The separated RNA was transferred
to Genescreen Plus (ICN) and hybridized to the
appropriate probe (Ausubel et al., 1987) and
Genescreen Plus protocol.

PCR protocol for PCR-mediated gene disruptions
Using primers consisting of 40 nts of gene-

specific sequence at the 5* end followed by: 5*-
CTGTGCGGTATTTCACACCG-3-* (left primer)
and 5*-AGATTGTACTGAGAGTGCAC-3* (right
primer), any auxotrophic marker can be amplified
from a pRS40X integrating plasmid using the
following PCR protocol: 94)C 2 min, [94)C 1 min,
55)C 1 min, 72)C 2 min]#10 cycles, [94)C 1 min,
65)C 1 min, 72)C 2 min]#20 cycles, 72)C 10 min.
This protocol usually results in amplification of
only the specific product. If yields are high enough,
it is possible to directly transform yeast, but
generally, 10-fold concentration by EtOH
precipitation before transformation is desirable.

RESULTS AND DISCUSSION

A compilation of commonly found alleles of
auxotrophic marker genes
To develop a strategy for construction of

designer deletion strains, we first had to compile
relevant information for existing auxotrophic
selectable marker alleles. Many commonly used
strains contain mutations in the auxotrophic
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marker genes—namely, point mutations or small
internal deletions which are not conducive to
successful PCR-mediated gene disruption. These
auxotrophic loci retain extensive homology with
the prototrophic marker gene segment of the PCR

product, leading to high levels of mistargeting.
We have compiled a table of many of these com-
monly used alleles (Table 4) which should be
useful in determining a strain’s adaptability for
PCR-mediated gene disruption.

Table 4. A compilation of commonly used auxotrophic marker mutations.

Allele ÄORF? Reverts? Notes
Molecular
descriptiona References

ade2-101 No Yes Ochre mutation, red
colonies

ade2-BglII No No Red colonies Frameshift (BglII site
filled in at pos. 592)

Engebrecht and Roeder (1990)

his3Ä200 Yes No Cold sensitive; high
frequency of petite
formation, especially
during
transformation

Ä 1 kb ("205–835) Struhl (1985); Fasullo and
Davis (1988); Siram et al.
YGM RNA processing mtg
(1993)

his3Ä1 Partial No Ä 187 bp
HindIII–HindIII
internal (305–492)

Scherer and Davis (1979)

his3-11,15 No No Double mutant Lau and G. R. Fink,
unpublished

leu2Ä1 Partial No Ä 0·6 kb, EcoRI–ClaI
internal (163–649)

Sikorski and Hieter (1989)

leu2-3,112 No No Double mutant leu2-3 is a +1
frameshift mutation

Hinnen et al. (1978); Gaber
and Culbertson (1982)

lys2-801 No Yes Amber mutation
lys2Ä202 Partial No Ä 1·0 kb, XhoI–HpaI

internal (1813–2864)
Winston et al. (1995)

trp1Ä1 Yes No Cold sensitiveb, weak
galactose inducer
(deletes GAL3 UAS),
removes ARS1, also
called trp1-901

Ä 1·45 kb,
EcoRI–EcoRI
("102 to 1352)

Sikorski and Hieter (1989)

trp1Ä63 Partial No Cold sensitiveb Ä 0·6 kb,
EcoRI–HindIII
("102 to 513)

Sikorski and Hieter (1989)

trp1-289 No Yes Cold sensitiveb

ura3-52 No No Ty1 insertion
(transcribing left to
right) at pos. 121

Rose and Winston (1984)

ura3-1 No Yes

Alleles described in this study
ade2Ä::hisG No No Aparicio et al. (1991)
leu2Ä0 Yes No Designer deletion This study
lys2Ä0 Yes No Designer deletion This study
met15Ä0 Yes No Designer deletion This study
ura3Ä0 Yes No Designer deletion This study

An updatable version of this table is maintained by SGD (http://genome-www.stanford.edu/Saccharomyces/).
aThe sequence coordinates are relative to the first ATG of the selectable marker ORF, in which the A residue is defined as +1.
bAll Trp" strains are cold sensitive (Singh and Manney, 1974).
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PCR-mediated gene disruption is variably suc-
cessful in its degree of targeting the locus of
interest, even when complete deletion alleles
corresponding to the marker gene being intro-
duced are used. The reason for this variability in
efficiency is not entirely clear but appears to be
related primarily to the targeting sequences that
flank the target gene (Q. Feng and J.D.B., un-
published data), and to a lesser extent to the nature
of the disrupting auxotrophic marker. It is import-
ant to note that the commonly used segment of
LEU2 (the XhoI–SalI fragment found in the pRS
vectors) contains 240 bp of ä (Ty2 LTR) sequence
at its 5* end. This may lead to a higher frequency of
mistargeting than with the other auxotrophic
markers.

Complete deletion alleles of URA3, LEU2, LYS2
and MET15
Commonly used strains of the S288C lineage

contain only four auxotrophic alleles that are
well-defined deletions, namely his3Ä200, leu2Ä1,
trp1Ä1, and trp1Ä63. Both the his3Ä200 and
trp1Ä1 mutations completely remove the protein
coding regions, whereas trp1Ä63 leaves intact the
3* end of the gene and leu2Ä1 is an internal
deletion (Table 4). All of these mutations except
leu2Ä1 work well for the method of PCR-mediated
gene disruption, resulting in proper gene disrup-
tions 30–100% of the time. Thus, new designer
deletion alleles of TRP1 and HIS3 have not been
constructed. However, PCR-mediated gene disrup-
tions using other commonly used auxotrophic
alleles have been difficult to obtain because of the
high background of gene conversion. For this
reason we set out to construct an isogenic set of
strains in which URA3, LYS2, LEU2 and MET15
were completely deleted.
The strategy for the designer deletion alleles

(designated Ä0) is depicted in Figure 2. Approxi-
mately 1 kb ‘left’ and ‘right’ flanking regions of the
auxotrophic marker to be deleted were cloned into
a URA3 integrating vector. Linearization of the
resulting deleter plasmid within the right flanking
sequence and transformation of a ura3Ä0 strain
results in integration of the plasmid at the auxo-
trophic marker locus. Subsequent recombination
between the duplicated left or right flanks results
in 5-FOA resistance (due to excision of the
URA3 plasmid) and leads to acquisition of
the appropriate auxotrophy (in principle, 50%
of the time).

Because this strategy involves integration of a
URA3 containing plasmid, it was important that
our starting strain was not only Ura", but also
lacked sequences overlapping with the plasmid
URA3 gene. To completely delete URA3, the
plasmid pJL164, containing a genomic 4·0 kb
BglII–BamHI fragment in which the region from
HindIII to SmaI encompassing the URA3 gene has
been deleted (Figure 3), was digested with SpeI
and XhoI to liberate a DNA fragment spanning
the deletion (Table 3). This was transformed
into the URA3+ strains BY397 and BY398 and
Ura" colonies were selected on 5-FOA. Reversion
tests and Southern blotting confirmed the acqui-
sition of the ura3Ä0 allele in strains BY399
and BY401.
All four designer deletion plasmids completely

remove the open reading frame encoding the ap-
propriate auxotrophic marker. They also remove
several hundred bp of 5* flanking region, and as
much 3* flanking region as is practical. Ideally,
there should be no homology between the marker
segment in the plasmid to be used and the deletion
in the chromosome. In two cases (ura3 and met15)
it was possible to remove all homology between
plasmid marker segment and chromosomal de-
letion. The details of the design of each deletion
were dictated by what was known about the nature
of flanking genes; often, as at the 3* end of LYS2,
there was not much room to maneuver due to the
proximity of the adjacent gene (Figure 3). Both
MET15 and LEU2 are flanked by tRNA genes and
ä elements and in the case of LEU2, an entire Ty2
element. Because the segment of LEU2 commonly
used in cloning vectors contains part of this Ty2
element as well as a tRNALeu gene, it was necess-
ary to delete the Ty2 element, the tRNA gene, and
LEU2 in order to eliminate overlap with the vector
segment, at least at one end of the marker gene.
Thus the leu2Ä0 allele is considerably larger than
the rest. No unusual phenotypes have resulted
from this deletion.
To create the leu2Ä0 and lys2Ä0 strains, pAD1

was linearized with SalI and pAD2 with ClaI
(Table 3 and Figure 2) and transformed into
BY399 and BY401 respectively. Ura+ colonies
were patched onto SC"ura, replica-plated to
YPD (to allow loss of the URA3+ and flanking
vector sequences) and replica-plated to 5-FOA
plates. Papillae from the 5-FOA plates were
streaked onto YPD and replica-plated to either
SC"leu or SC"lys to identify auxotrophs
(Figure 2). Of 24 5-FOAR papillae from the pAD1
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transformation, three were Leu", and of 24
5-FOAR papillae from the pAD2 transformation,
six were Lys". The deletions were confirmed by
genomic Southern analysis (Figure 4).
The met15Ä0 mutation was introduced into

BY406 (the lys2Ä0 derivative) in a similar fashion.
Plasmid pAD4 was linearized with ClaI and trans-
formed. Following 5-FOA selection, candidate
strains were streaked onto YPD plates and
replica-plated to lead-containing plates. When
grown on these plates met15 strains are brown in

color, identifying those strains in which recombi-
national loss of the URA3+ and vector sequences
had resulted in a Met" phenotype. The met15Ä0
allele was confirmed by Southern analysis
(Figure 4).
Using the ADE2 disrupter plasmid pÄADE2

(Aparicio et al., 1991, the ade2Ä:::hisG::URA3::
hisG (originally referred to as ade2Ä by Aparicio
et al.) mutation was introduced into these strains;
these were converted to ade2Ä::hisG alleles by
plating on 5-FOA as above. Since six C-terminal

Figure 2. Method of construction of designer deletion strains. An example is given in which
LYS2+ is deleted to create lys2Ä0. The LYS2 ORF is indicated by a white oval and the hatched
regions indicate left and right flanking sequences. Lines with arrows indicate oligonucleotide
primers for PCR-amplification of the flanking regions, and the restriction sites engineered into
these oligos are indicated by K, KpnI; B, BamHI or S, SacI. Using these oligos, the flanking regions
are PCR-amplified, cut with the indicated enzymes and cloned into pRS406 to create a deleter
plasmid; in this case, pAD2. pAD2 is then linearized at the unique ClaI (C) site in the right flanking
region and transformed into yeast. Integration of the linearized vector within the genomic LYS2
right region results in the configuration of sequences shown in the middle panel of the diagram.
Recombination between the two left regions results in deletion of the LYS2+ and vector sequences.
Not shown, but equally likely, is recombination between the two right regions which results in
restoration of the wild-type LYS2+ allele.
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amino acids remain of the ADE2 ORF, the
ade2Ä::hisG mutation is not technically a designer
deletion, and it has been shown to be useful in
PCR-mediated gene disruption (D. Gottschling,
pers. comm.).
Because these strains are intended to be used for,

among other things, the systematic genetic analysis
of genes of unknown function, it was important to
establish that expression of the ORFs neighboring
the deleted auxotrophic markers was unaffected
in these deletion strains. This seemed especially
important because many yeast workers have found
that two of the commonly used deletion alleles,
his3Ä200 and trp1Ä1, have ‘collateral’ phenotypes
that are sometimes undesirable due to effects
on adjacent genes. his3Ä200 strains display an
increased rate of petite formation, presumably due
to effects on expression of the neighboring PET56
gene. trp1Ä1 removes ARS1 (with no obvious
phenotype) and partially disables the neighboring
GAL3 gene by removing a portion of its UAS.
Finally, both trp1Ä63 and trp1Ä1 strains share a
cold-sensitivity phenotype which all Trp" strains
exhibit (Singh and Manney, 1974).
It is impossible to totally rule out effects on

flanking genes but the deletions were designed to
minimize the possibility of such effects. In the
construction of the leu2 and met15 deletions,
tRNA genes that are part of multigene families
were removed in addition to the auxotrophic
marker. The phenotypic consequence of this is
likely to be minimal, based on experiences with
other multi-gene tRNA families (Byström and
Fink, 1989; Ar ström and Byström, 1993). All of the
designer deletions remove marker genes that are
flanked by convergently transcribed neighboring
genes (Figure 3); effects on the flanking genes are
thus expected to be minimal. Nevertheless, the
possibility of altered transcript sizes and transcrip-
tional level of neighboring genes was investigated
by Northern analysis. RNA was prepared from
BY418 (which has all four designer deletion
mutations) and FY2 (the wild-type strain), and left
and right flanking probes (Figure 3) were used to
detect the transcription of neighboring ORFs; in
no case was the expression of a neighboring ORF
significantly affected (Figure 5; compare the neigh-
boring gene specific transcript with the Ty1 load-
ing control transcript). However, our analyses did
detect one minor but interesting expression pattern
change. The LEU2 neighboring ORF, YCL17C
(reading toward LEU2), appears to direct a major
transcript and numerous larger minor transcripts.

In the leu2Ä0 strain, the overall levels of the
transcripts are slightly reduced and in particular,
the largest transcripts appear to be missing. Such
an observation is consistent with the possibility
that the larger transcripts normally terminate
within the deleted region.

A set of designer deletion strains
To obtain strains with numerous different com-

binations of auxotrophic alleles, 206 tetrads
were dissected from a cross between FY3 and
BY418 (Figure 1). This cross gave 230% sporula-
tion and 96·5% spore viability using the conditions
described in Materials and Methods. A subset of
the strains from this cross identified in Table 1,
which should prove generally useful to the yeast
community, has been deposited with the ATCC.

New pRS plasmids with ADE2, MET15 and
kanMX4 markers
The pRS vector series is a set of S. cerevisiae

shuttle plasmids that are in wide use. Much of their
appeal derives from their small size, modular
design, minimal length marker segments, useful
polylinker and consistency of structure. Also,
complete DNA sequence files exist for these
plasmids, greatly facilitating construction and
analysis of recombinant plasmids. The original set
of pRS vectors (the pRS300 series) were based
on pBluescript KS+ (Sikorski and Hieter, 1989)
and included both integrating and centromere-
containing versions; the pRS400 series is based on
pBSII SK+ (Stratagene; Christianson et al., 1992)
and also includes 2 ì versions. This latter series is
more generally useful for several reasons: (1) the
lacZ á-complementation is improved over the
pRS300 series; (2) the polylinker is flanked by
BssHII sites, allowing a simple assessment of insert
size to be carried out and facilitating swapping
of inserts from one vector to another; and (3)
the pRS400 series is more complete, including
integrating, CEN, and high copy versions. The
‘code’ for the pRS vectors is simple: the second
digit (0, 1 or 2) specifies the plasmid type (integrat-
ing, CEN or 2 ì, respectively) and the third digit
specifies the selectable marker (see Table 5).
We constructed new integrating, CEN and 2 ì

plasmids for use with the ade2Ä and met15Ä0
strains (Figure 6). In all cases, the plasmid back-
bone is identical to the pRS400 series of plasmids,
and the selectable markers were inserted into the
same restriction site as had been utilized for
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the pRS plasmids (Sikorski and Hieter, 1989;
Christianson et al., 1992). In the case of the
ADE2 plasmids, pRS402, pRS412 and pRS422,
the fragment inserted represents a minimal com-
plementing fragment as previously determined by

Stotz and Linder (1990). For theMET15 plasmids,
pRS401, pRS411 and pRS421, a minimal length
complementing fragment as defined by a com-
plementation analysis (Figure 7). The NarI–ScaI
fragment was the smallest strongly-complementing
fragment and was cloned into the pRS plasmid
backbones. The ADE2 and the MET15 plasmids
were demonstrated to fully complement the ade2Ä
and met15Ä0 mutations as judged by colony
growth on appropriate selective media. In the
course of these experiments we noted that unlike
all of the other auxotrophic designer deletion
markers, the met15Ä0 strain eventually (and at a
low frequency) spawns slow-growing pseudo-Met+

papillae when replica-plated as a thick patch on
YPD medium to SD plates. Such growth is maxi-
mal at 22)C, drops dramatically at 25)C and
decreases linearly from 30–37)C, where little
growth is observed. These pseudo-Met+ papillae
are not true revertants because they form black
colonies on lead plates, like the parental met15
mutant strain. Most importantly, these colonies
do not grow when restreaked on methionine-free
medium, so they are not true Met+ cells. Our
working hypothesis is that these colonies represent
mutants that are more efficient at scavenging
methionine or cysteine from adjacent cells. This
phenomenon will be described in more detail
elsewhere, but does not create much of a prac-
tical problem. Using standard LiOAc transform-
ation procedures, these pseudo-Met+ colonies did
not cause any detectable background (i.e. no
visible colonies on a control plate to which no
pRS4X1 plasmid DNA had been added). In fact
no colonies appeared on the no DNA plate even
after 10 days of growth. Finally, we constructed
the integrating plasmid pRS400, which contains
the kanMX4 gene (Wach et al., 1994). This is
useful for use as a template for PCR-mediated
gene disruption. Available information on the

Figure 4. Genomic DNA blot analysis of deletion alleles.
DNA was isolated from the wild-type strain FY5 (+) and the
multiple deletion strain BY418 (Ä). Approximately 1 ìg of
genomic DNA was digested with BstXI (LYS2), PstI (LEU2) or
KpnI (MET15), and fractionated on a 1% agarose gel. Follow-
ing transfer to a nylon filter, each blot was probed with a
gene-specific flanking probe (as depicted in Figure 3): LYS2,
left flank; LEU2, right flank; andMET15, right flank. Expected
product sizes are: LYS2, wild-type genomic BstXI fragment is
4 kb and the deletion BstXI fragment is 1·4 kb; LEU2, wild-
type genomic PstI fragment is 12 kb and the deletion PstI
fragment is 7·6 kb; MET15, wild-type genomic KpnI fragment
is 6·8 b and the deletion KpnI fragment is 4·4 kb. The observed
LEU2 fragment sizes do not agree with the expected; this is
probably because chromosome III sequence was not obtained
from this strain background (Oliver et al., 1992). However, the
difference in size between the deleted and wild-type LEU2
fragments agrees with the sequence. DNA marker sizes are in
kb as indicated.

Figure 3. Genomic structure of deletion alleles and overlap with vector segments. The genomic region encompassing each of the
five deletions is presented as a six-phase ORF analysis. To the left of each are indicated the three possible reading frames of the plus
and minus strands. Lines from the top to the bottom of each frame indicate stop codons in that frame, and lines from the middle
to the bottom of each frame indicate methionine residues in that frame (output is from the DNA Strider 1.2 ORF Map function).
Each ORF is identified by its gene name or ORF designation, and above each diagram, tRNA and Ty elements have been
identified. All nucleotide numbers are defined by +1 being assigned to the A of the first ATG in the auxotrophic marker ORF to
prevent possible confusion resulting from renumbering of sequences in databases. The bold line under each diagram indicates the
extent of each deletion. Below this is a thin line indicating the extent of the fragment of genomic sequence encoding the auxotrophic
marker cloned into the corresponding pRS vector. Finally, the left and right flanking regions which were used as probes for the
Southern and Northern analyses in this paper are indicated. In the cases of LEU2, LYS2 andMET15, these are identical to the left
and right flanking regions that were PCR-amplified for the deleter constructs (Figure 2). Note that the scale is the same for all
regions except for the LEU2 region, which had to be compressed to accommodate the very large deletion which removed an
adjacent Ty2 element as well as LEU2 itself.
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sequences and availability of the complete series
of pRS400 series vectors is summarized in
Table 5.

Universal primers for PCR-mediated gene
disruption using pRS plasmid templates
A pair of primer segments was designed which

can be universally used to amplify any selectable

marker from the pRS set of plasmids (Figure 8).
Addition of 40 nts of sequence specific to the gene
of interest at the 5* ends of the primers results in a
single set of 60 nt primers which can be used to
delete the gene of interest with either URA3,
TRP1, HIS3, LEU2, LYS2, ADE2, MET15 or
kanMX4. We have used this strategy to disrupt a
number of genes in our laboratories.

Figure 5. RNA blot analysis for effects on expression of neighboring genes.
RNA was isolated from the wild-type strain FY5 (+) and the multiple
deletion strain BY418 (Ä). Multiple samples containing 9·8 ìg total RNA
from each strain were fractionated on a 1·2% formaldehyde agarose gel.
Following transfer to a nylon filter, the blot was cut into strips and each was
probed with a gene-specific left flank probe (probes are indicated in Figure 3).
Following this, the blots were reprobed with gene-specific right probes. For
all panels, the wild-type sample is presented on the left as indicated for LEU2.
In all cases, transcript sizes were consistent with the sizes of encoded ORFs
or known transcripts; the inferred identities of the transcripts are indicated
below each panel. To allow comparison between samples, the Ty transcript is
included as a loading control. Fortuitously, two left probes (LEU2 and
MET15) contained Ty LTR sequences. The LEU2 left probe was used to
reprobe those blots in which the Ty1 transcript had not yet been visualized.
It should be noted that based on the sequence no transcript was expected (i.e.
there were no known ORFs or genes) to the left of leu2Ä0 and no hybridizing
bands were seen with this probe.
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Other applications for the designer deletion strains
and new plasmids
Although we have focused on the application of

PCR-mediated gene disruption in this paper, we
envision that the designer deletion alleles will be
the alleles of choice for a very wide range of
applications. They are ideal as transformation
markers because they cannot revert (with the
special exception of met15 noted above). The
ability to knock out genes of interest by the PCR
approach is enhanced by expanding the set of
available markers in pRS vectors. This is especi-
ally useful in the study of multigene families
(Brachmann et al., 1995) many of which have been
revealed by the completion of the S. cerevisiae
genome sequence. By synthesizing a single pair
of primers for each target gene of interest, the
investigator has the ability to knock out a member
of the gene family with any of eight currently
available markers in the pRS vectors (Table 5). If a
heavily marked strain such as BY418 is used as the

recipient, up to eight different genes can be
knocked out before running out of selectable
markers. In addition, the alleles that have no
overlap (or minimal overlap only at one end of the
marker) will be ideal for studies of DNA recombi-
nation in which lack of homology between e.g. a
plasmid and the chromosome is critical. It should
be pointed out that an alternative and elegant
strategy to solve the same problem was developed
by Wach et al. (1994), who constructed the
kanMX4 marker, which has no homology with the
yeast genome and confers dominant resistance to
G418, and hence can be used with strains of any
background. Although kanMX4 does work as a
selectable marker, G418 is an expensive reagent to
use routinely, and expression of the drug resist-
ance requires an outgrowth period prior to
plating on G418 and so is somewhat less con-
venient. Both strategies further enrich the already
extensive molecular genetic toolkit available for
S. cerevisiae.

Table 5. The pRS400 series of vectors.

Plasmid and
typea

Selectable
marker

Accession
numbersb

Available
fromc References

pRS400 (I) kanMX4 U93713 Pending Wach et al. (1994), this work
pRS401 (I) MET15 U93714 ATCC 87473 This work
pRS411 (C) MET15 U93715 ATCC 87474 This work
pRS421 (2) MET15 U93716 ATCC 87475 This work
pRS402 (I) ADE2 U93717 ATCC 87477 This work
pRS412 (C) ADE2 U93718 ATCC 87478 This work
pRS422 (2) ADE2 U93719 ATCC 87479 This work
pRS403 (I) HIS3 U03443 ST 217403
pRS413 (C) HIS3 U03447 ST 217413
pRS423 (2) HIS3 U03454 ATCC 77104 Christianson et al. (1992)
pRS404 (I) TRP1 U03444 ST 217404
pRS414 (C) TRP1 U03448 ST 217414
pRS424 (2) TRP1 U03453 ATCC 77105 Christianson et al. (1992)
pRS405 (I) LEU2 U03445 ST 217405
pRS415 (C) LEU2 U03449 ST 217415
pRS425 (2) LEU2 U03452 ATCC 77106 Christianson et al. (1992)
pRS406 (I) URA3 U03446 ST 217406
pRS416 (C) URA3 U03450 ST 217416
pRS426 (2) URA3 U03451 ATCC 77107 Christianson et al. (1992)
(pRS317d) (C) LYS2 ATCC 77157 Sikorski and Boeke (1990)

aPlasmid type is in parentheses: I, integrating plasmid; C, centromeric (CEN/ARS) plasmid; 2, 2 ì origin-containing plasmid.
bDNA sequence accession number. DNA sequences are available from VecBase (URL: http://biology.queensu.ca/2miseners/
vector.html) or GenBank.
cATCC, American Type Culture Collection, Rockville, MD; ST, Stratagene, La Jolla, CA. Sets of pRS vectors are available in kit
form from ATCC (pRS401, 411, 421, 87476; pRS402, 412, 422, 87480; pRS423, 424, 425, 426, 77108).
dNo pRS400 series plasmids exist for LYS2 at this time.
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Figure 6. New pRS400 series S. cerevisiae–E. coli plasmid vectors. Restriction maps of the pRS vectors. Unique restriction
sites are shown in bold letters. For emphasis, sites in the polylinker that are no longer unique have been underlined. Maps of
the pRS40X set may be converted to either the pRS41X set by the insertion of the CEN/ARS cassette or to the pRS42X set by
insertion of the 2 ì cassette (in either case, the AatII site is destroyed). The numbering system is the same for all three sets. The
direction of T3 or T7 polymerase transcription is as labeled. Numbers of parentheses refer to base pairs. Maps are drawn to
scale.

Figure 7. Definition of the minimum complementing region of MET15. A schematic
diagram of the MET15 genomic region indicating relevant restriction sites. Lines below
the restriction site diagram indicate the extent of the fragment tested for complementation
of a met15 strain, and the column at the right indicates a qualitative analysis of the ability
of each fragment to complement the met15 allele for growth. In all cases, the fragments
were cloned into the polylinker of pRS413 and yeast (strain 31-10C; Cost and Boeke,
1996) transformants were selected on SD+Ura medium, and complementation analyses
were performed by comparing colony sizes on selective medium between a wild-type
MET15+ strain and the transformed strain.
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Figure 8. A universal primer set for producing PCR-mediated gene disruption cassettes. The double-stranded sequence shown
represents about 50 bp surrounding a unique NdeI site in the parental plasmid backbone of all pRS400 series vectors [the parental
backbone is a pBLUESCRIPT/pBLUESCRIBE hybrid made by ligating a PvuI fragment of pBLUESCRIPT II–SK (containing
the polylinker region) to a PvuI fragment of pBLUESCRIBE (containing unique NdeI and AatII sites)]. Minimal DNA segments
that encode each of the selectable markers (arrows indicate transcriptional orientation) shown above were blunt-end ligated into
the blunted NdeI site for each pRS400 series vector. A single pair of oligos can therefore be used to amplify by PCR each of the
selectable marker genes. Sequences of oligos used for amplification of the selectable marker genes are as indicated. Both oligos are
drawn 5* to 3*. As indicated, 40 nts of sequence from either the upstream or downstream flanking region of the gene to be deleted,
in this case YFG, is added to the 5* end of each oligo. PCR-amplification of the auxotrophic marker allele is performed using any
pRS integrating vector as a template (this is possible because the oligos are specific to the sequence just upstream and downstream
of the NdeI vector site into which all markers were introduced). The resulting double-stranded PCR product is then transformed
into yeast, replacing the genomic YFG allele by a double cross-over event. The resulting disruptions contain any of eight selectable
markers transcribed in the orientations indicated.
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ABSTRACT

Mitochondria are important organelles that harbor their own genomes encoding a key set of proteins that ensure
respiration and provide the eukaryotic cell with energy. Recent advances in high-throughput sequencing technologies
present a unique opportunity to explore mitochondrial (mt) genome evolution. The Saccharomycotina yeasts have proven
to be the leading organisms for mt comparative and population genomics. In fact, the explosion of complete yeast mt
genome sequences has allowed for a broader view of the mt diversity across this incredibly diverse subphylum, both within
and between closely related species. Here, we summarize the present state of yeast mitogenomics, including the currently
available data and what it reveals concerning the diversity of content, organization, structure and evolution of mt genomes.

Keywords: yeast; mitochondrial genomes; genomics; population genomics

INTRODUCTION

Mitochondria play an essential role in multiple cellular pro-
cesses including the production of energy (Hatefi 1985; Amunts
et al. 2014), apoptosis (Green and Reed 1998; Chandra, Samali
and Orrenius 2000) and the generation of reactive oxygen
species (ROS) (Starkov 2008). Long considered remnants of
α-proteobacteria symbionts (Altmann 1890; Wallin 1927), they
harbor their ownDNA, encoding genes necessary for the produc-
tion of the oxidative phosphorylation (OXPHOS) complexes that
span the mt inner membrane (Lang, Gray and Burger 1999). The
small size of the mtDNA reflects the fact that the genes it har-
bors are not sufficient for the production of the OXPHOS path-
way, indeed many of the key components are instead found in
the nuclear genome. This is because that over time most of the
mt genes have been transferred to the nucleus or lost (Amunts
et al. 2014). This ongoing process has shaped the evolution of nu-
clear genomes and appears to have a species-specific distribu-
tion in yeasts (Sacerdot et al. 2008). Indeed, it has been hypothe-
sized that the observed divergence, in the now nuclear-encoded

genes, has actually contributed to speciation in Saccharomyces
spp. (Chou and Leu 2010).

The existence ofmtDNAwas first inferred in the 1940s in Sac-
charomyces cerevisiae as a heritable cytoplasmic element called
the rho factor (Ephrussi, Hottinguer and Tavlitzki 1949), and was
later formally recognized in chicken cells (Nass and Nass 1963)
and yeast (Schatz, Haslbrunner and Tuppy 1964). Relatively re-
cently, sequencing of bothmt and nuclear genomes has become
rapid and affordable. The main organism that has emerged as
the focus of mt studies is S. cerevisiae (Solieri 2010), with its
mtDNA completely sequenced in 1998 (Foury et al. 1998). This
universally recognized species is easy to manipulate in the lab-
oratory making it an ideal model for a variety of genetic studies.
There is an estimated 50 to 200 copies of mtDNA in the haploid
cell of S. cerevisiae (Solieri 2010), which is approximately 15% of
the total DNA content (Williamson 2002). However, this varies
among yeast isolates and also depends on the environment the
cell is in (Moraes 2001; Hori et al. 2009). Additionally, contin-
gent on if the cell is in stationary phase or grown anaerobically,
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the nucleoids (aggregates of multiple mt genomes) contain be-
tween 1.5 and 20 copies of the genome (Miyakawa et al. 1984;
Nosek et al. 2006). Interestingly, S. cerevisiae can grow without
functional mitochondria, in which case it produces respiratory-
deficient smaller colonies, termed ‘petite’ mutants, allowing for
the study of the repercussions of a variety of severe mitochon-
drial defects.

Indeed S. cerevisiae has been used to model mt-tRNA muta-
tions in humans (Tuppen et al. 2010) since mt transformation
is possible (Bonnefoy and Fox 2007). Mitochondria are, in fact,
implicated in a variety of human diseases (Holt, Harding and
Morgan-Hughes 1988; Wallace 2005; Tuppen et al. 2010), and in-
vestigation of mutations in mitochondrial DNA (mtDNA), also
principally using S. cerevisiae, has advanced the understanding
of a variety of mt disorders (Mishra and Chan 2014). Further-
more, yeast mtDNA is biparentally inherited after mating, pro-
viding a means to study the role of recombination and inheri-
tance in mt genome evolution. While S. cerevisiae is one of the
most thoroughly studied eukaryotic organisms and has laid the
groundwork for a suite of different studies, it is clearly not rep-
resentative of all yeast lineages.

Yeast genetics has historically focused on S. cerevisiae; how-
ever, there have been attempts to move towards a broader view
of yeast mt genomes. Currently, there are over 80 species within
the Saccharomycotina that have mt genomes available (Fig. 1).
Indeed, this vast amount of sequence data has demonstrated
that there is incredible diversity in mt genome structure and or-
ganization. While interspecific analysis of mt genomes has al-
lowed for a better understanding of the evolution of genomic ar-
chitecture, intraspecific case studies provide a means to assess
the extent to which selection pressures act on isolates within
distinct lineages. In this brief review, we focus on the variabil-
ity and evolution of mt genomes in yeasts, in particular the Sac-
charomycotina subphylum, anddescribe the existing knowledge
concerning mtDNA, emphasizing the importance of expanding
mt genome sequencing to include additional species.

YEAST AT THE FOREFRONT OF
MITOCHONDRIAL COMPARATIVE AND
POPULATION GENOMICS

Although some work was done on mt genomes in the 1980s, it
wasn’t until 1995 that the first Saccharomycotina mtDNA was
sequenced from the species Wickerhamomyces canadensis (Sekito
et al. 1995). A fewyears later the S. cerevisiaemtgenomewas com-
pleted (Foury et al. 1998); however, since that point, the availabil-
ity of genomes from various species in the Saccharomycotina
has grown, with 81 now publicly available (Fig. 1, Table S1, Sup-
porting Information). These genomes represent a diverse range
of yeast lineages (Fig. 1) and are an important dataset for the
investigation mtDNA evolution.

While the majority of research on mt genome diversity has
focused on S. cerevisiae, it is important to also expand studies to
other diverse yeast genera in order to fully clarify mechanisms
of evolution. There have been attempts to assess the roles that
gene duplication and functional divergence have had on the evo-
lution of the essential genes of the OXPHOS pathway found in
themt genome (Lavı́n et al. 2008; Marcet-Houben, Marceddu and
Gabaldon 2009). These studies revealed that even in this essen-
tial pathway both gene loss and gene duplication, as well as sub-
sequent functional divergence, are rampant (Marcet-Houben,
Marceddu and Gabaldon 2009). In particular, mt ribosomal pro-
teins appear to be quite distinct in the Saccharomycotina and

Pezizomycotina subphylums (Arvas et al. 2007). In the Pezizomy-
cotina, analysis of mt genomes has demonstrated a suite of in-
teresting characteristics, including the presence of introns car-
rying ORFs encoding ribosomal proteins, plasmids that play a
role in senescence, and finally diverse intergenic regions that af-
fect replication, transcription and recombination (Pantou, Kou-
velis and Typas 2008). The mt genomes of other fungi in the As-
comycetes, including the medically relevant genera Aspergillus
and Penicillium, also represent interesting lineages for study that
have implications in human health, since they are responsible
for the production of antibiotics, enzymes and other pharma-
ceuticals (Joardar et al. 2012). Furthermore, mt genomes can be
used to estimate both the time of divergence as well as the time
since the last common ancestor of two sister clades (Jeffares
et al. 2015). The few rare attempts to assess interspecies vari-
ation have revealed a core set of conserved genes and a wide
diversity among accessory genes (Joardar et al. 2012), likely shuf-
fled by horizontal gene transfer of mt plasmids and intron hom-
ing (Joardar et al. 2012).

Studying mt genomes provides a means to uncover diverse
processes in genome evolution. Yeasts, specifically, present ideal
model systems for mitogenomics research since they are easily
manipulated in the laboratory and a broad diversity of different
lineages is available for study. Ultimately, it is essential to recog-
nize the importance of yeast mitogenomics for its implications
in basic, applied and medical research (Lee et al. 2008; Chou and
Leu 2010; Lipinski, Kaniak-Golik and Golik 2010; Albertin et al.
2013; Mishra and Chan 2014).

MITOCHONDRIAL GENOME GENE CONTENT

Yeast mtDNA encodes a set of 30 to 40 genes including those
that code for proteins, the small (rns) and large (rnl) rRNA sub-
units, and approximately 24 tRNA genes. The core set of coding
genes which are found in all yeast mt genomes are comprised of
the subunits of ATP synthase (atp6, atp8 and atp9), units of the
cytochrome c oxidase (cox1, cox2 and cox3) and apocytochrome
b (cob) (Zamaroczy and Bernardi 1986; Wolf and Giudice 1988;
Foury et al. 1998; Solieri 2010), all of which are involved in oxida-
tive phosphorylation. Additionally, the mt genome can also in-
clude the genes coding for the sevenNADH: ubiquinone oxidore-
ductase subunits (nad1-6 and nad4-L) which are part of complex
I, the gene coding for the ribosomal protein var1 and finally the
RNA subunit of themt RNaseP (rpm1). Interestingly, the presence
and absence of both the NADH and var1 genes are consistent
with the main phylogenetic clusters (Fig. 1). The var1 gene was
lost from all genomes in the CTG group (Fig. 1), which are yeasts
which have a CUG codon that encodes serine, representing a de-
viation in the genetic code (Massey et al. 2003). The var1 gene
is also missing from the extremely compact genome of Hanse-
niaspora uvarum, which has a notably unique organization (Pra-
mateftaki et al. 2006). Moreover, none of the NADH subunits are
found in the species of the Saccharomycetaceae (Dujon 2010), in-
dicating that the deletion of these genes occurred at some point
during the early evolution of the lineage (Dujon 2010; Prochazka
et al. 2010). There is a patchy distribution of these subunits in
other species, in particular they are absent from Ogataea philo-
dendron,Wickerhamomyces pijperi, H. uvarum and Starmerella bacil-
laris (Fig. 1). Interestingly, all of the NADH genes are found in
Dekkera bruxellensis, which demonstrated that the loss of com-
plex I is not needed to develop petite-positive, Crabtree-positive
and anaerobic characteristics (Prochazka et al. 2010). Inciden-
tally, we did not indicate the presence or absence of rpm1 in the
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Figure 1. Phylogenetic relationships among the 81 yeast species whose mt genomes have been entirely sequenced and annotated. The whole-genome duplication
(WGD) is indicated with a star. The tree was constructed with phyML (Guindon et al. 2010), using the Mtrev model of amino acid substitution (Adachi and Hasegawa

1996). The phylogeny is based on the concatenated alignments of the seven core protein-coding genes (atp6, atp8, atp9, cob, cox1, cox2 and cox3). The bootstrap values
(100 replicates run) are listed for all nodes >50. The currently accepted clades are overlaid on the phylogeny. To the right of the tree, the presence or absence of var1
and the NADH genes is indicated with an orange and blue bar, respectively. The GC content is then listed for each genome (both using a color map as well as listing the
actual data). Finally, the bar graph scheme of the genome content demonstrates the contribution to genome size by CDS and non-coding RNAs, introns and intergenic
regions.
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81 genomes surveyed as this gene is consistently poorly anno-
tated, and analysis might not be reliable.

Since mt gene content is well conserved, concatenated sets
of mt protein-coding genes have been used as phylogenetic
markers (Bullerwell et al. 2003; Rokas et al. 2003; Spatafora et al.
2006; Hibbett et al. 2007; Pantou, Kouvelis and Typas 2008). The
multilocus phylogenies based on these mt genes, while largely
representative of the accepted relationships, do not correlate
identically with species trees (Belloch et al. 2000; Liu et al. 2008;
Joardar et al. 2012). The phylogenetic tree based on the concate-
nated protein sequences coded by the set of core genes found
in the 81 currently publically available mt genomes (Fig. 1) is no
exception: an overall conservation in the relationships with nu-
clear DNA is observed, while some inconsistencies can be no-
ticed. The most apparent difference is that in addition to the
lack of resolution in the root of the phylogeny, surprisingly one of
the basal branches harbors the Dekkera cluster, normally found
more closely located to the Saccharomycetaceae as was demon-
strated previously (Dujon 2010). Another difference in the phy-
logeny is the location of the CTG group in relation to the Dipo-
dascaceae, which have positions that are essentially inverted in
the mt tree (Fig. 1) compared to previous studies based on nu-
clear DNA (Dujon 2010). These changes in the phylogeny con-
cur with what has been previously found, indeed there is dis-
cordance between the evolutionary history of the mtDNA and
nuclear DNA. Ultimately, the differentiation and evolution of in-
dividual species is the product of the divergence in both the mt
and nuclear genomes (Lee et al. 2008; Chou and Leu 2010).

GENOME SIZE VARIABILITY IS DRIVEN BY
DIFFERENCES IN INTRONS AND INTERGENIC
REGIONS

Despite a high level of gene content conservation, there is a
striking divergence amongmt genome sizes. Indeed, the lengths
range from the relatively small 18.5 kb genome ofH. uvarum (Pra-
mateftaki et al. 2006) to more than 85 kb in S. cerevisiae (Foury
et al. 1998), and over 105 kb in Nakaseomyces bacillisporus (Bouch-
ier et al. 2009). Interestingly, a similar pattern is seen in other eu-
karyotes (Gray, Burger and Lang 1999; Nosek and Tomaska 2003),
including plants (Ward, Anderson and Bendich 1981; Alverson
et al. 2010) where sizes can range from 222 to 773 kb within
a family. The general overview of mt genome characteristics
among species in the Saccharomycotina subphylum offered by
Figs 1 and 2A demonstrates that there is no link between mt
genome size and phylogeny. Some patterns can be observed
with the Saccharomyces genus harboring a larger than averagemt
genome (an average of 76 kb vs 41 kb, respectively) and the pro-
toploid species generally with smaller genomes (an average of
32 kb). Indeed, among theNakaseomyces species,mt genome size
ranges from 20 kb in Candida glabrata to 107 kb in Kluyveromyces
bacillisporus (Bouchier et al. 2009).While not as dramatic, changes
in length are also seen among genomes in the Lachancea clade,
composed of a range of closely related lineages, with the small-
est genome harbored by Lachancea thermotolerans (23.5 kb) and
the largest over twice this length found in Lachancea kluyveri
(51.5 kb) (Talla et al. 2005; Friedrich et al. 2012). This pattern is also
seen among Candida species, with genomes ranging from 28 kb
in C. phangngensis to 48.5 kb in C. galli (Gaillardin et al. 2012). Fur-
thermore, intraspecific differences within the Lachancea clade
are observed as well, with genomes among L. thermotolerans iso-
lates found to be from 21.8 to 24.9 kb (Freel et al. 2014) and those
of L. kluyveri from 50.1 to 53.7 kb (Jung et al. 2012).

The basal driver behind the differences in mt genome size
is not the length of the CDS, but instead variability in the non-
coding sequences (Fig. 2), as has been highlighted previously
(Bouchier et al. 2009; Friedrich et al. 2012; Jung et al. 2012). There
are two types of non-coding sequences, which contribute dif-
ferentially to the changes in length: the intergenic regions and
the introns (Fig. 2B). In fact, as can be inferred from Fig. 2, the
intergenic regions are the most influential factors accounting
for approximately 90.5% of the variance in length, in contrast
to the 7 and 2% accounted for the introns and CDS, respectively.
As expected, the intergenic regions are thus highly correlated to
the total mt genome length, (r2 = 0.841, Fig. 2D), and vary from
1 985 to 94 009 bp (with a median of 9 068 bp, Fig. 2B). The pro-
portion of intergenic regions in relation to the wholemt genome
ranges from 7.8% as found in Millerozyma sorbitophila (Jung et al.
2009) to an amazing 88% in N. bacillisporus (Fig. 1, Table S1, Sup-
porting Information). Repetitive elements are found in the inter-
genic regions of nearly all species, which include both stretches
of AT sequences and GC-rich clusters thought to enhance re-
combination in mtDNA (Bernardi 2005). An exception has been
identified in C. glabrata for which the GC clusters are missing
(Koszul et al. 2003). The proportion of AT to GC regions varies
among different yeasts. For example, long AT spacers compose
approximately 50% of S. cerevisiae mtDNA and the GC clusters
just 5%. However, in some Nakaseomyces species, the number of
GC clusters ranges from 0 to 218 (Bouchier et al. 2009), leading
to the 5-fold change in size observed between the largest (107.1
kb in K. bacillisporus) and smallest genomes (20 kb in C. glabrata)
(Bouchier et al. 2009). Research focusing on the clinically rele-
vant Candida albicans demonstrated that phylogenetic classifi-
cation based on highly variable mt intergenic regions revealed
geographically distributed polymorphisms and in fact, provided
a complementary method to current multilocus sequence typ-
ing (Bartelli et al. 2013). Similarly, the large intergenic regions
found in L. kluyveri account for the dramatic difference in size
between this lineage and its sister species L. thermotolerans, in
which the intergenic regions represent up to 41 and 22.3% of the
mt genome, respectively. Even between isolates from a single
species, such as L. kluyveri there are changes in the intergenic
content, which constitutes from 28 to 41% of the mt genome
(Jung et al. 2012).

The second type of non-coding sequences considered are
the introns. While their number and length are highly variable
among species, they impart a minimal contribution to the vari-
ance in mt genome length (approximately 7%) and not surpris-
ingly, there is no direct correlation between their length, and
genome size (r2 = 0.044, Fig. 2C). Among the Saccharomycotina,
mt genomes harbor from 0 to 17 introns, and have a cumulative
length ranging from 0 to 21 030 bp, (median of 5 455 bp, Fig. 2B).
The introns in mtDNA are organized into two groups (I and II)
(Lang, Laforest and Burger 2007), with group I introns classified
into four families depending on their secondary structure and
proteinmotifs (LAGLIDADG, GIY-YIG, HNH andHis-Cys box), and
group II introns encoding reverse transcriptases (Haugen, Simon
and Bhattacharya 2005; Lang, Laforest and Burger 2007). The in-
trons can be linked with an upstream exon or free standing, and
generally are located in or around specific genes (Haugen, Simon
and Bhattacharya 2005). The group I introns act as mobile ele-
ments that can be gained, lost or inverted, explaining variation
in mtDNA size among isolates even within species (Dujon 1989;
Foury et al. 1998). Among the Pezizomycotina, the intron content
appears to be themain cause of differences inmt genome length
(Joardar et al. 2012). As there is a paucity of interspecific studies,
it is difficult to determine if more variability is seen within or
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Figure 2. Graphs demonstrating the contribution that CDS length, introns and intergenic regions play in determining mt genome size, using the data available data

for the 81 yeast mt genomes. (A) The CDS length compared to the overall mt genome size (bp), clearly demonstrating no correlation between the two. (B) Box plot
depiction of the length of the variance and median values for both the intergenic regions and introns in mt genomes. Correlation demonstrated between the length
of the mt genome and intron length (C), intergenic region length (D) and finally the combined intergenic region and intron length (E).

between species. For example, in the Candida clade, C. alai har-
bors one intron while C. frijolesensis has ten (Valach et al. 2011);
clearly this contributes to the size difference in mtDNA among
species. However, it must be noted that there is an inherent bias
in these findings since the number of introns also varies among
isolates of a single species (Jung et al. 2012; Freel et al. 2014) and
only individual representatives were chosen for comparison. Fi-
nally, as expected, it is worth highlighting that when the calcu-
lation is performed using the combined length of the intergenic
regions as well as the introns (Fig. 2E), the correlation is even
stronger (r2 = 0.959). Clearly, there is variation in the evolution
of the non-coding regions within and among different species.
While there is consistently variation in mt genome sizes, there
are different degrees to which the synteny of gene arrangement
is observed at both the inter- and intraspecies levels.

DISPARATE PATTERNS REVEALED BETWEEN
INTRA- AND INTERSPECIES GENE SYNTENY

The range in genome size alongwith themechanisms that shuf-
fle introns and intergenic regions within the mt genome might

suggest that mt genomes would lack gene synteny. However,
different levels in conservation of genome organization are ap-
parent throughout the Saccharomycotina. Indeed, among and
within the species of the Lachancea (Friedrich et al. 2012; Jung
et al. 2012; Freel et al. 2014), Candida (Kosa et al. 2006) and Yarrowia
clades (Gaillardin et al. 2012) there is an extremely high degree
of gene conservation and synteny. However, this is not the case
between other closely related species, with variability observed
among yeasts from the Nakaseomyces (Bouchier et al. 2009).

It appears that much of the incongruence in gene order is
likely due to the inversion of short intergenic repeats and mo-
bile introns (Prochazka et al. 2010). Interestingly, certain gene
sets are consistently found together, including the most con-
served region identified acrossmultiple species including a clus-
ter of cox1-atp8-atp6, in the mtDNA of species of the Saccha-
romyces complex (Pramateftaki et al. 2006) and nad4L-nad5which
is conserved in all ascomycetes that have the genes for com-
plex I (Groth, Petersen and Piskur 2000; Kosa et al. 2006; Solieri
2010). An analysis of Pichia species and other closely related
lineages revealed the presence of large syntenic blocks (Jung
et al. 2009). Indeed, while more distantly related species harbor
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someminor differences (Jung et al. 2009) the intraspecific studies
completed to date that have used a substantial population of iso-
lates have both found complete synteny in gene order among
the mtDNA (Jung et al. 2012; Freel et al. 2014). These differ-
ences in gene organization can, in some instances, be attributed
to the circular topology of the genome, which might facilitate
rearrangement.

VARIABILITY IN YEAST mtDNA TOPOLOGY

Not long after the discovery of mtDNA in yeast (Schatz,
Haslbrunner and Tuppy 1964), a variety of structures in nature
were identified including monomeric circles (Boore 1999), con-
catenated circles (Lukes et al. 2002; Roy et al. 2007), linear con-
catemers (Bendich 1993; Williamson 2002) and fragmented mul-
tipartite genomes (Palmer and Shields 1984; Voigt, Erpenbeck
and Worheide 2008). Initial studies exploring yeast mtDNA as-
sumed that the molecule existed solely as a circular element,
which led to a false dogmatic theory that all yeast mtDNA was
circular, with any linear molecules identified described as rem-
nants of broken DNA (Williamson 2002). However, in 1991 PFGE
demonstrated that although some circles were present, the ma-
jority of mtDNA in S. cerevisiae consists of polydisperse linear
tandem arrays ranging from 75 to 150 kb in size (Ling and Shi-
bata 2002). Another confounding aspect in understanding the
evolution in mt topology is that there is asymmetry in segrega-
tion of mtDNA during cell division of S. cerevisiae, with daugh-
ter cells obtaining linear monomers of the genome. Ultimately
these monomers are then amplified using a rolling-circle mech-
anism; however, mother cells generally harbor concatemeric
and branched mtDNA (Ling and Shibata 2002).

The structure of genomes among species of yeast is not well
conserved, and the evolutionary origin of this diversity is yet to
be well understood. Various studies using Candida species as a
model systemhave investigated this variability in genome archi-
tecture. In C. glabrata (as well as S. cerevisiae), linear concatamers
dominate the type of topology among mtDNA, while in C. albi-
cans it is present as a network of branches (Gerhold et al. 2010),
and polydisperse molecules, which are possibly an artifact of
recombination-driven replication (Bendich 2010; Gerhold et al.
2010). An additional study looking at three closely related Can-
dida species revealed that even when gene synteny and organi-
zation is highly conserved (even with identical locations of tR-
NAs), the molecular forms differ. Indeed C. parapsilosis as well
as C. metapsilosis have linear genomes while C. orthopsilosis has
circular mtDNA. A careful inspection of the mt telomeres from
these three species demonstrated that evenwith different topol-
ogy, the telomeres have essentially the same organization (Kosa
et al. 2006). This study concluded that the linear mt genome ac-
tually evolved from a circular-mapping form driven by the emer-
gence of mt telomeres (Kosa et al. 2006) and an eventual defect
in telomeremaintenance. These findings were also supported in
later work, which expanded the analysis to eight Candida species
(Valach et al. 2011). Valach and colleagues identified an intrigu-
ing variability in genome architecture with forms ranging from
circular to linearmapping and evenmultipartite forms, and sug-
gested that the linear form evolved from an ancestral circular
genome. Interestingly, it appears that genome topology actually
changes depending on the life stage of the yeast cell, with more
circles present in the bud as it forms, and linear concatemers
detected at a higher concentration as it matures. This change
in mt DNA topology is linked to both replication and recombi-
nation, which play essential roles at different points in the life
cycle of the yeast cell.

REPLICATION AND RECOMBINATION IN
YEAST mtDNA

Shortly after finding that mtDNA is often present in a linear
form, it was suggested that mtDNA replicates through a rolling-
circle mechanism (Maleszka, Skelly and Clark-Walker 1991).
Within the intergenic sequences of species in the Saccharomyces
genus, ori regions are located, which potentially play a key role
in the initiation of replication. In petite-positive mtDNA, there
are seven or eight regions, approximately 300 bp in length, har-
boring GC-rich regions and AT clusters as well as a promoter
for rpo41 (a mt RNA polymerase) (Bernardi 2005). It has been
hypothesized that mt diversity exists in a species-specific pat-
tern linked to replication and segregation (Solieri 2010). Thus, it
is essential to pursue additional analyses across and between
lineages to clarify if strategies for replication are indeed unique
to individual species. In C. albicans, possible replication origins
have not been identified, but it appears that recombination
drives mtDNA replication initiation (Gerhold et al. 2010). This
finding also drew on the fact that mtDNA in C. albicans is found
as a branched network, and the study concluded that topology
is an essential factor in recombination-driven replication.

One clear difference between mammalian mtDNA and that
of yeast is that it is biparentally inherited after a mating
event, providing an opportunity for recombination to take place.
Recombination in yeast mtDNA was first identified in 1974
(Dujon, Slonimski andWeill 1974) and occurs after mating when
the mitochondria from the parental strains fuse with recombi-
nant mtDNA then found in the diploids (Fritsch et al. 2014). This
heteroplasmic state is fleeting, and only present in the cell for
approximately 20 generations. The zygote that buds from the
mid-point after mating is the most likely to possess a recom-
binant genotype. Previous research suggested that homologous
recombination is induced after the repair enzyme Ntg1 creates
a double-strand break in the DNA. Initial studies on interspecific
consistency ofmtDNA replication assessed recombination in the
haploid mt genome of a set of C. albicans isolates and found that
clonal proliferation of the mt genome was linked to clonal pro-
liferation of the nuclear genome (Anderson et al. 2001); however,
replication of themtDNAoccurs independently from the nuclear
genome. Recently, mtDNA recombination was analyzed to as-
sess the impact of intraspecies variability between a cross of
S. cerevisiae isolates. The results indicated that the global re-
combination ratewas approximately three events per kb (Fritsch
et al. 2014), and the data generated allowed for the construction
of the first genome-wide map of recombination in yeast. Inter-
estingly, they uncovered 23 hotspots of recombination through-
out the mt genome, 15 of which were located in intergenic re-
gions, with only 3 found exclusively in the introns of cox1, cob
and var1 (Fritsch et al. 2014). They concluded that recombina-
tion could, in fact, have a higher impact on genome reorganiza-
tion than the mutation rate. The importance of the factors that
affect changes in mtDNA over time might depend on the lin-
eage in question; clearlymore interspecies studies are needed to
clarify this topic.

PATTERNS OF EVOLUTION IN mtDNA AND
PHENOTYPIC IMPLICATIONS

Studies on yeasts, in particular concerning the Saccharomy-
cotina, have advanced the knowledge on mt genome evolution.
Lately, some studies have expanded the focus of mt research in
order to include interspecific studies on single species as well
as a broader diversity of yeast lineages, both of which are key
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steps in elucidating patterns of genome evolution. The yeast L.
kluyveri is petite negative, and thus is a good model for studying
intraspecificmt genome evolution. The first extensive investiga-
tion of the genetic diversity and patterns of mtDNA evolution in
a single species was undertaken using 18 isolates from this lin-
eage (Jung et al. 2012). Among the strains analyzed, all harbored
highly polymorphic mtDNA and the dN/dS ratios of the protein
coding genes indicated that purifying selection was working on
the genome. In fact, the only inconsistency observed was in the
case of the var1 gene, which encodes a mt ribosomal protein
of the small subunit (Hudspeth et al. 1982, 1983). Interestingly,
var1 had a higher dN/dS ratio than the other genes, suggesting
the functional constraints on this gene, which is less conserved
and not found in all yeast mt genomes, might be unique (Jung
et al. 2012). L. thermotolerans, a closely related species to L. kluyveri
was the focus of an additional study including 50 isolates from
diverse locations (Freel et al. 2014). These genomes were both
smaller than in L. kluyveri and more highly conserved. Indeed,
although these two lineages are closely related, stronger purify-
ing selection and/or lower mutation rates appear to be driving
the evolution of the mtDNA in L. thermotolerans. An additional
study focused on the intergenic regions of mtDNA from a set of
21 C. albicans isolates also found structure linked to geographical
location and suggested that the non-coding regions are under
neutral evolution (Bartelli et al. 2013). Indeed, this highlighted
that amplification of the highly variable intergenic regions of
mtDNA could provide an ideal typingmethod for pathogens and
afforded a glimpse into the microvariability of the mtDNA of a
species in the CTG group. Among species of this clade, five were
compared in order to characterize genome evolution. This anal-
ysis revealed a phylogeny with two distinct clades composed
of either Pichia or Candida lineages, and also provided evidence
for the delineation of Pichia farinosa and P. sorbitophila as differ-
ent species (Jung et al. 2010). A study on multiple species in the
Lachancea clade revealed consistently strong signatures of pu-
rifying selection (Friedrich et al. 2012) across all lineages. Pu-
rifying selection has apparently purged most indels and non-
synonymous differences from mt protein-coding genes among
the genomes of the Lachancea clade. Additional studies are re-
quired to determine whether the results obtained are consistent
with patterns of gene evolution in other groups.

Clarifying the relationship between genotype and phenotype
in individuals from a single species is an essential step in eluci-
dating the mechanisms of genome evolution. The mtDNA con-
tributes to phenotypic diversity in yeast, which is in part gen-
erated by the interplay between the mt and nuclear genomes
(Dowling, Friberg and Lindell 2008; Solieri et al. 2008) as many
of the components for the OXPHOS pathway are located in the
nuclear genome, as mentioned previously. Research has shown
that variation in mt and nuclear genomes affects fitness in a
diverse set of organisms ranging from insects (Drosophila and
Callosobruchus) (Arnqvist et al. 2010) to copepods (Tigriopus) (Elli-
son and Burton 2008), and epistatic interactions between the mt
and nuclear genomes have been implicated in the production of
various phenotypes and possibly driving hybrid breakdown and
speciation (Burton and Barreto 2012). While it is clear that mi-
tochondria play an essential role in cell survival, the extent to
which mt-nuclear DNA interactions affect phenotypic variation
in yeast is not well understood. Within species of the Saccha-
romyces genus, incompatibilities between themt and the nuclear
DNA can cause respiratory deficiencies (Chou and Leu 2010),
which could ultimately lead to a divergence between lineages.
Recently, using S. cerevisiae as a model, it was demonstrated
that interfering with mt-nuclear DNA interactions produced in-

creased amounts of ROS and a variety of fitness defects (Paliwal,
Fiumera and Fiumera 2014). Indeed, it appears that mt and nu-
clear epistasis has a large impact on determining yeast survival
in different environments. Also, since these interactions appar-
entlywere not dependent on genetic distance, coevolution of the
genomes can likely take place rapidly. A more thorough under-
standing of how mt and nuclear genomes interact to produce
phenotypic changes will provide a better view of genome evolu-
tion and speciation and could potentially have implications in
understanding mt diseases.

CONCLUSIONS AND PERSPECTIVES

It is essential to expand genomic research to a broad range of
yeast species since genome organization and architecture are
variable and the evolutionary reasons behind these differences
are not well understood. Although S. cerevisiae has proven to be
a helpful model for many studies, including those elucidating
different aspects of mt genome function and structure as well
as clarifying epistasis between the mt and nuclear DNA, addi-
tional species need to be included in future research. There is
a clear lack of intraspecific mt genome data, and thus the ex-
tent to which mt genome organization, topology, diversity and
selective pressure, vary between isolates of a single species is
not clear. As the appreciation for the essential and complex role
that mtDNA has in cell survival develops, understanding what
changes in mt genomes affect selection pressures, phenotype
and ultimately the evolution of the genome will be elucidated.
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1 ARTICLE

Complete Genome Sequence of the Methanogenic
Archaeon, Methanococcus jannaschii

Carol J. Bult, Owen White, Gary J. Olsen, Lixin Zhou, Robert D. Fleischmann, Granger G. Sutton,
Judith A. Blake, Lisa M. FitzGerald, Rebecca A. Clayton, Jeannine D. Gocayne,
Anthony R. Kerlavage, Brian A. Dougherty, Jean-Francois Tomb, -Mark D. Adams,

Claudia 1. Reich, Ross Overbeek, Ewen F. Kirkness, Keith G. Weinstock, Joseph M. Merrick,
Anna Glodek, John L. Scott, Neil S. M. Geoghagen, Janice F. Weidman, Joyce L. Fuhrmann,
Dave Nguyen, Teresa R. Utterback, Jenny M. Kelley, Jeremy D. Peterson, Paul W. Sadow,
Michael C. Hanna, Matthew D. Cotton, Kevin M. Roberts, Margaret A. Hurst, Brian P. Kaine,
Mark Borodovsky, Hans-Peter Klenk, Claire M. Fraser, Hamilton 0. Smith, Carl R. Woese,

J. Craig Venter*

The complete 1 .66-megabase pair genome sequence of an autotrophic archaeon, Meth-
anococcusjannaschii, and its 58- and 1 6-kilobase pair extrachromosomal elements have
been determined by whole-genome random sequencing. A total of 1738 predicted protein-
coding genes were identified; however, only a minority of these (38 percent) could be
assigned a putative cellular role with high confidence. Although the majority of genes
related to energy production, cell division, and metabolism in M. jannaschii are most similar
to those found in Bacteria, most of the genes involved in transcription, translation, and
replication in M. jannaschii are more similar to those found in Eukaryotes.

The discovery of the Archaea in 1977 (1)
created a quandary for biologists because it
was then widely believed that the deepest,
most significant evolutionary distinctions
were those between Prokaryotes and Eu-
karyotes. Yet the Archaea, although cyto-
logically prokaryotic, are not specifically
related to the Bacteria; at the molecular
level, the Archaea are in many respects
more like Eukaryotes and may be specifical-
ly related to them (2). The nature of the
Archaea and their relationships to Eu-
karyotes and Bacteria have posed an in-
triguing and incompletely resolved puzzle,
one that until now has been addressed on
the basis of evidence from individual genes
(2). We now report the first complete ge-
nome sequence for a representative of the
Archaea, Methanococcus jannaschii. The M.
jannaschii genome sequence provides the
first opportunity to compare complete ge-
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netic complements and biochemical path-
ways among the three domains of life from
which all extant life forms evolved. Meth-
anococcus jannaschii also represents the first
complete genome of an autotrophic organ-
ism. Its genome sequence, therefore, should
provide valuable information on the genet-
ic basis for encoding the metabolic capacity
to synthesize de novo all of the building
blocks essential for cellular life from inor-
ganic constituents.

The era of true comparative genomics
has been ushered in by complete genome
sequencing and analysis. We recently de-
scribed the first two complete bacterial ge-
nome sequences, those of Haemophilus influ-
enzae and Mycoplasma genitalium (3). In ad-
dition, the complete genome of a Eu-
karyote, Saccharomyces cerevisiae, was
recently reported to have been completed
(4). Large-scale DNA sequencing also has
produced an extensive collection of se-
quence data from Homo sapiens (5) and
Caenorhabditis elegans (5). The lack of ar-
chaeal sequence data has hampered con-
struction of a comprehensive comparative
evolutionary framework for assessing the
molecular basis of the origin and diversifi-
cation of cellular life.

Methanococcus jannaschii was originally
isolated by J. A. Leigh from a sediment
sample collected from the sea floor surface
at the base of a 2600-m-deep "white smok-
er" chimney located at 21°N on the East
Pacific Rise (6). Methanococcus jannaschii
grows at pressures of up to more than 200

atm and over a temperature range of 480 to
94°C, with an optimum temperature near
850C (6). It is a strict anaerobe, and, as the
name implies, it produces methane.
A whole-genome random sequencing

method (3) was used to obtain the complete
genome sequence for M. jannaschii. A small-
insert plasmid library [average insert size,
2.5 kilobase pairs (kbp)] and a large-insert X
library (average insert size, 16 kbp) were
used as substrates for sequencing. The X
library was used to form a genome scaffold
and to verify the orientation and integrity
of the contigs formed from the assembly of
sequences from the plasmid library. All
clones were sequenced from both ends to
aid in ordering of contigs during the se-
quence assembly process. The average
length of sequencing reads was 481 bp. A
total of 36,718 sequences were assembled by
means of the TIGR Assembler (3, 7). Se-
quence and physical gaps were closed by a
combination of strategies (3). The colinear-
ity of the in vivo genome to the genome
sequence was confirmed by comparison of
restriction fragments from six rare-cutter
restriction enzymes (Aat II, Bam HI, Bgl II,
Kpn I, Sma I, and Sst II) to those predicted
from the sequence data. Additional confi-
dence in the colinearity was provided by
the genome scaffold produced by sequence
pairs from 339 large-insert X clones, which
covered 88% of the main chromosome.
Open reading frames (ORFs) and predicted
protein-coding regions were identified as
described (3) with modification (8).

The M. jannaschii genome consists of
three physically distinct elements: (i) a
large circular chromosome of 1,664,976
base pairs (bp) (Fig. 1), which contains
1682 predicted protein-coding regions and
has a G+C content of 31.4%; (ii) a large
circular extrachromosomal element (ECE)
(9) of 58,407 bp, which contains 44 pre-
dicted protein-coding regions and has a
G+C content of 28.2% (Fig. 2); and (iii) a
small circular ECE (9) of 16,550 bp, which
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Fig. 3. The gene map of the M. jannaschii genome. Genes
positioned above the line are transcribed in the forward direc-
tion; genes below the line are transcribed in the reverse direc-
tion. Each line represents approximately 150,000 bp of genome
sequence. Coding regions are color-coded according to puta-

Table 1. Summary of genes from M. jannaschii having putative
identifications. Gene numbers correspond to those in Fig. 3.
Each identified gene has been assigned a putative cellular role
category adapted from Riley (34). The putative gene identifica-
tion and percent amino acid identity are given. An expanded
version of this table, with additional match information, can be
viewed on the World Wide Web at http://www.tigr.org/tdb/mdb/
mjdb/mjdb.html. Abbreviations: biosyn, biosynthesis; dep, de-
pendent; dinucl, dinucleotide; diP, diphosphate; fam, family;
form, forming; mop, molybdopterin; prot, protein; put, putative;
rel, related; sub, subunit; term, termination; triP, triphosphate;

tive role as described in the key. Additional features, such as
ribosomal operons, tRNAs, and repetitive elements, are also
indicated in the key. Gene identification numbers correspond to
those in Table 1.

ATase, aminotransferase; BP, binding protein; Co, coenzyme;
CoA, coenzyme A; CoM, coenzyme M; DAPA ATase, 7,8-diamino-
pelargonic acid aminotransferase; DCase, decarboxylase;
DHase, dehydrogenase; DTase, dehydratase; G3PDHase,
glyceraldehyde-3-phosphate dehydrogenase; GIcNAc, N-
acetylglucosamine; H4MPT, tetrahydromethanopterin; LPS, li-
popolysaccharide; MFR, methanofuran; MTase, methyltrans-
ferase; MVR, methylviologen-reducing; PRAC, phosphoribo-
sylformiminoimidazole carboxamide; PRAD, phosphoribosyl-
aminoimidazole; PRTase, phosphoribosyltransferase; RDase,
reductase; Sase, synthase-synthetase; Tase, transferase.

MJ Gene description
Amino acid biosynthesis

Aromatic amino acid family
1454 3-dehydroquinate Dtase
0502 5-enolpyruvylshikimate 3-phosphate Sase
1075 anthranilate Sase, sub
0234 anthranilate Sase, sub 11'
0238 anthranilate Sase, sub II
0246 chorismate mutase, sub A
0612 chorismate mutase, sub B
1175 chorismate Sase
0918 indole-3-glycerol phosphate Sase
0451 N-phosphoribosyl anthranilate isomerase
0637 prephenate DTase
1084 shikimate 5-DHase
1038 tryptophan Sase, alpha sub
1037 tryptophan Sase, beta sub

Aspartate family
1116 Asn Sase
1056 Asn Sase
1391 Asp ATase
0684 Asp ATase
0001 Asp ATase
0205 Asp-semialdehyde DHase
0571 aspartokinase
1473 cobalamin-independent Met Sase
1097 diaminopimelate Dcase
1119 diaminopimelate epimerase
0422 dihydrodipicolinate RDase
0244 dihydrodipicolinate Sase
1003 homoaconitase
1602 homoserine DHase
1104 homoserine kinase
0020 L-asparaginase
0457 succinyl-diaminopimelate desuccinylase
1465 Thr Sase

Glutamate family
0069 acetylglutamate kinase
0791 argininosuccinate lyase 41
0429 argininosuccinate Sase
0186 Glu N-acetylTase
1351 Glu Sase (NADPH), alpha sub
1346 Gln Sase
1096 N-Ac-gamma-glutamyl-phosphate RDase
0721 N-acetylornithine ATase
0881 ornithine carbamoylTase

Histidine family
1204 ATP PRTase
1456 histidinol DHase
0955 histidinol-phosphate ATase
0698 imidazoleglycerol-phosphate DHase
0506 imidazoleglycerol-phosphate Sase
0411 imidazoleglycerol-phosphate Sase
1430 phosphoribosyl-AMP cyclohydrolase
0302 phosphoribosyl-ATP pyrophosphohydrolase
1532 PRAC ribotide isomerase

Pyruvate family
1392 2-isopropylmalate Sase
0503 2-isopropylmalate Sase
1271 3-isopropylmalate DTase
1277 3-isopropylmalate DTase
0663 acetolactale Sase, large sub
0277 acetolactate Sase, large sub
0161 acetolactate Sase, small sub
1008 branched-chain amino acid Atase
1276 dihydroxy-acid DTase
1195 isopropylmalate Sase
1543 ketol-acid reductoisomerase

AI M Genedescidption
1296 biotin Sase
1299 dethiobiotin Sase

34
37 Heme and porphyrin
49 1438 cobalamin (5-phosphate) Sase
45 0552 cobalamin biosyn prot J
52 1314 cobalamin biosyn prot D
38 0022 cobalamin biosyn prot D
34 1569 cobalamin biosyn prot M
49 1091 cobalamin biosyn prot M
43 0908 cobalamin biosyn prot N
42 0484 cobyric acid Sase
39 1421 cobyrinic acid a,c-diamide Sase 36
35 0143 glutamyl-tRNA RDase
50 0643 porphobilinogen Sase
63 0930 precorrin isomerase

0771 precorrin-2 MTase
0813 precorrin-3 methylase

34 1578 precorrin-3 methylase
35 1522 precorrin-6Y methylase
31 0391 precorrin-8W DCase
38 0965 uroporphyrin-lIl C-MTase
42 0994 uroporphyrinogen lIl Sase
52
39
48
42
37
45
48
36
41
31
35
28
52

45

72
44
38
71
41
47
43

34
47
38
51
47
62
64
48
57

44
45
42
50
35
51
50
43
45
43
54

Serine family
1597 Gly hydroxy MTase 69
1018 phosphoglycerate DHase 43
1594 phosphoserine phosphatase 43
0959 Ser ATase 55

Biosynthesis of cofactors, prosthetic groups,
and carriers

0603 Glu-a-semialdehyde ATase 52
0569 porphobilinogen deaminase 42
0493 quinolinate PRTase 40
0407 quinolinate Sase 41
1388 S-adenosylhomocysteine hydrolase 61

Biotin
1297 6-carboxyhexanoate-CoA ligase 43
1298 8-amino-7-oxononanoate Sase 45
1300 DAPA ATase 40
1619 bifunctional prot 62

Menaquinone and ubiquinone
1645 CoPOQ synthesis prot III 34

Molybdopterin
0824 molybdenum cofactor biosyn moaA prot 32
0167 molybdenum cofactor biosyn prot moaB 38
1135 molybdenum cofactor biosyn prot moaC 48
0666 molybdenum cofactor biosyn prot moeA 35
0886 molybdenum cofactor biosyn prot moeA 35
1663 mop-guanine dinucl biosyn prot A 30
1324 mop-guanine dinucl biosyn prot B 33

Pantothenate
0913 pantothenate metabolism flavoprotein 33

Pyridine nucleotides
1352 NH(3)-dep NAD+ Sase 38

Riboflavin
0055 GTP cyclohydrolase 11 39
0671 riboflavin-specific deaminase 42

Thiamine
1026 thiamine biosyn prot 46
0601 thiamine biosynthetic enzyme 36

Thioredoxin, glutaredoxin, and glutathione
1536 thioredoxin RDase 39
0530 thioredoxin-2 33
0307 glutaredoxin-like prot 53

Cell envelope
Membranes, lipoproteins, and porins
0544 dolichyl-phosphate mannose Sase 35
1057 glycosyl Tase 32
0827 membrane prot 43
0611 membrane prot 34

Pseudomurein sacculus
1160 amidase4l
0204 amidoPRTase 52

Surface polysaccharides, lipopolysaccharides, and
antigens
0924 capsular polysaccharide biosyn prot B 55
1061 capsular polysaccharide biosyn prot D 52
1055 capsular polysaccharide biosyn prot 51
1059 capsular polysaccharide biosyn prot M 32
1607 LPS biosyn rel rnbu-prot 34
1113 GLcNAc-1-phosphate Tase 28
0399 phosphomannomutase 37
1068 put 0-antigen transporter 24
1066 spore coat polysaccharide biosyn prot C 55
1065 spore coat polysaccharide biosyn prot E 38
1063 spore coat polysaccharide biosyn prot F 39
1062 spore coat polysaccharide biosyn prot G 33
0211 UDP-glucose 4-epimerase 38
1054 UDP-glucose DHase 43
0428 UDP-N-Ac-D-mannosaminuronic

acid DHase 47

Surface structures
0891 flagellin B1 56
0892 flagellin B2 61
0893 flagellin B3 60

MJ8 Gene descrigtion
Cellular processes

Celldivinion
1489 cell division control prot 54
0363 cell division control prot 21
1156 cell division control prot 48
0579 cell division inhibitor minD-rel prot
0169 cell division inhibitor minD
0547 cell division inhibitor minD
0084 cell division inhibitor minD
0174 cell division prot
0370 cell div;sion prot ftsZ 49
1376 cell division prot ftsJ 41
0622 cell division prot ftsZ 51
0148 centromere/microtubule-BP
1647 DNA BP
1643 Pi15 prot

Chaperones
0999 chaperonin
0285 heat shock prot 31
0278 rotamase, peptidyl-prolyl cis-trans

isomerase
0825 rotamase, peptidyl-prolyl cis-trans

isomerase

Chromosome-associated proteins
ECL17archaeal histone
ECL29 archaeal histone
0932 archaeal histone
0168 archaeal histone
1258 archaeal histone

Detoxification
0736 alkyl hydroperoxide RDase
1541 N-ethylammeline chlorohydrolase

Protein and peptide secretion
0478 preprot translocase SecY
0111 protein-export membrane prot SecD
1253 protein-export membrane prot SecF
0260 signal peptidase
0101 signal recognition particle prot
0291 signal recognition particle prot

Transformation
0781 kibA prot
0940 transformation sensitive prot

Central Intermediary metabollsm
Amino sugars
1420 Gln-fructose-6-phosphate transaminase

Carbon fixation
0153 carbon monoxide DHase, alpha sub
0152 carbon monoxide DHase, alpha sub
0156 carbon monoxide DHase, alpha sub
0728 carbon monoxide DHase, beta sub 36
0112 corrinoid/iron-sulfur prot, large sub
0113 corrinoidfiron-sulfur prot, small sub
1235 ribulose bisphosphate carboxylase,

large sub

Degradation ofpolysaccharides
1611 alpha-amylase
0555 endoglucanase
1610 glucoamylase

Nitrogen metabolism
1187 ADP-ribosylglycohydrolase
0214 hydrogenase accessory prot
0713 hydrogenase accessory prot
0676 hydrogenase expression/formation prot E
0442 hydrogenase expression/formation prot B
0200 hydrogenase expression/formation prot C
0993 hydrogenase expression/formation prot D
0631 hydrogenase maturation protease
1093 nifB prot
0879 nitrogenase RDase
0685 nitrogenase RDase rel prot
1051 nodulation factor production prot
1058 nodulation factor production prot

Phosphorus compounds
0963 N-methylhydantoinase
0964 N-methylhydantoinase

Polyamine biosynthesis
0535 acetylpolyamine aminohydolase
0313 spermidine Sase

SCIENCE

The Genome of
Methanococcus jannaschii
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MJ# Gene description
Polysaccharides (cytoplasmic)
1606 glycogen Sase

Other
1656 2-hydroxyhepta-2,4-diene-1,7-dioate
isomerase
0406 ribokinase
0309 ureohydrolase

Energy metabolism
0479 adenylate kinase

Aerobic
0649 NADH oxidase
0520 NADH-ubiquinone oxidoRDase, sub 1

Anaerobic
0092 tumarate RDase

ATP-proton motive force interconversion
0217 ATP Sase, A sub
0216 ATP Sase, B sub
0219 ATP Sase, C sub
0615 ATP Sase, D sub
0220 ATP Sase, E sub
0218 ATP Sase, F sub
0222 ATP Sase, sub
0221 ATP Sase. K sub

Electron transport
1446 cytochrome-c3 hydrogenase, gamma sub
0741 desulfoferredoxin
0722 ferredoxin
0099 ferredoxin
0061 ferredoxin
0199 ferredoxin
0578 ferredoxin
0533 ferredoxin 214Fe-4S homolog
0624 ferredoxin 2[4Fe=4S]
0276 ferredoxin oxidoRDase, alpha sub
0267 ferredoxin oxidoRDase, alpha sub
0537 ferredoxin oxidoRDase, beta sub
0266 ferredoxin oxidoRDase, beta sub
0268 ferredoxin oxidoRDase, delta sub
0536 ferredoxin oxidoRDase, gamma sub
0269 ferredoxin oxidoRDase, gamma sub
0732 flavoprotein
1192 MVR hydrogenase, alpha sub
1191 MVR hydrogenase, gamma sub
1362 NADH DHase, sub 1
0934 polyferredoxin
1303 polyterredoxin
0514 polyferredoxin
1193 polyferredoxin
1227 pyruvate formate-lyase activating enzyme

0735 rubredoxin
0740 rubredoxin

Fermentation
0007 2-hydroxyglutaryl-CoA DTase, beta sub

Gluconeogenesis
1479 Ala ATase 2
0542 phosphoenolpyruvate Sase

Glycolysis
1482 2-phosphoglycerate kinase
0641 3-phosphoglycerate kinase
0232 enolase
1605 glucose-6-phosphate isomerase
1146 G3PDHase
0490 lactate DHase
1411 NADP-dep G3PDHase
0108 pyruvate kinase
1528 triosephosphate isomerase

Methanogenesis
0253 F420-reducing hydrogenase, delta sub
1035 F420-dep N5,N10-methylene-H4MPT

DHase
0030 F420-reducing hydrogenase, alpha sub
0727 F420-reducing hydrogenase, alpha sub
0029 F420-reducing hydrogenase, alpha sub
0725 F420-reducing hydrogenase, beta sub
1349 F420-reducing hydrogenase, beta sub
0032 F420-reducing hydrogenase, beta sub
0870 F420-reducing hydrogenase, beta sub
0726 F420-reducing hydrogenase, gamma sub
0031 F420-reducing hydrogenase, gamma sub
0295 formate DHase (fdhD)
0006 formate DHase, alpha sub

7A_d MJl Gene description

1353 formate DHase, alpha sub
32 0005 formate DHase, beta sub GB:J02581_2 0.0

0155 formate DHase, iron-sulfur sub
0264 formate hydrogenlyase, sub 2
0265 formate hydrogenlyase, sub 2

41 0515 formate hydrogenlyase, sub 5
24 1027 formate hydrogenlyase, sub5
41 1363 formate hydrogenlyase, sub 7

0516 formate hydrogenlyase, sub 7
0318 formylmethanofuran:H4MPT formylTase

100 1338 H2-dep methylene-H4MPT DHase-rel prot
0715 H2-form N5.N1O-methylene-H4MPT

DHase-rel prot
28 0784 H2-form N5,N1O-methylene-H4MPT DHase
29 1190 heterodisulfide RDase, A sub

0743 heterodisulfide RDase, B sub
0863 heterodisulfide RDase, B sub

41 0864 heterodisulfide RDase, C sub
0744 heterodisulfide RDase, C sub
0118 methyl CoM RDase II operon, prot D

61 0083 methyl CoM RDase II, alpha sub
68 0081 methyl CoM RDase II, beta sub
29 0082 methyl CoM RDase II, gamma sub
39 0844 methyl CoM RDase operon, prot C
33 0843 methyl CoM RDase operon, prot D
22 1662 methyl CoM RDase system, component A2
28 1242 methyl CoM RDase system, component A2
46 0846 methyl CoM RDase, alpha sub

0842 methyl CoM RDase, beta sub
0845 methyl CoM RDase, gamma sub

41 1636 N5,N10-methenyl-H4MPT cyclohydrolase
44 1534 N5,N10-methylene-H4MPT RDase
43 0849 N5-methyl-H4MPT:CoM MTase, C sub
40 0848 N5-methyl-H4MPT:CoM MTase, D sub
43 0850 N5-methyl-H4MPT:CoM MTase, B sub
75 0847 N5-methyl-H4MPT:CoM MTase, Esub
50 0852 N5-methyl-H4MPT:CoM MTase. F sub
37 0854 N5-methyl-H4MPT:CoM MTase. H sub
48 0851 N5-methyl-H4MPT:CoM MTase, A sub
45 0853 N5-methyl-H4MPT:CoM MTase, G sub
33 1169 tungsten formyl-MFR DHase, A sub
41 1194 tungsten formyl-MFR DHase, B sub
33 1171 tungsten formyl-MFR DHase, C sub
59 0658 tungsten formyl-MFR DHase, C sub rel prot
32 1168 tungsten formyl-MFR DHase, D sub
64 1165 tungsten formyl-MFR DHase, E sub
41 1166 tungsten formyl-MFR DHase, F sub
78 1167 tungsten formyl-MFR DHase, G sub
72
26 Pentose phosphate pathway
41 0680 pentose-5-phosphate-3-epimerase
40 1603 ribose 5-phosphate isomerase
36 0960 transaldolase
62 0681 transketolase, A sub
31 0679 transketolase, B sub
60
62 Pyruvate dehydrogenase

0636 dihydrolipoamide DHase

23 Sugars
1418 fuculose-1-phosphate aldolase

30 TCA cycle
61 0499 aconitase

1294 fumarate hydratase, class 1, A sub
0617 fumarate hydratase, class 1. B sub

48 1596 isocitrate DHase
58 0720 isocitrate DHase (NADP)
59 1425 malate DHase
33 0033 succinate DHase, flavoprotein sub
60 1246 succinyl-CoA Sase, alpha sub
40 0210 succinyl-CoA Sase, beta sub
40
39 Fatty acid and phospholipid metabolism
30 0705 3-hydroxy-3-methylglutaryl CoA RDase

1546 acyl carrier prot Sase
0860 bifunctional short chain isoprenyl diP Sase

50 1229 biotin carboxylase
1212 CDP-diacylglycerol-Ser

68 0-phosphatidylTase
66 1504 lipopolysaccharide biosyn prot D
28 1087 melvalonate kinase
51 1549 nonspecific lipid-transfer prot
43
36 Purines, pyrlmidines, nucleosides,
72 and nucleotides
43 2'-Deoxyribonucleotide metabolism
44 0832 anaerobic ribonucleoside-triP RDase
77 0430 deoxycytidine triP deaminase
36 1102 put deoxycytidine triP deaminase
42 0511 deoxyuridylate hydroxymethylase

'/Id MJ# Gene description '

56 0937 glycinamide ribonucleotideSase 38
49
38 Purine ribonucleotide biosynthesis
40 0929 adenylosuccinate lyase 43
41 0561 adenylosuccinate Sase 43
32 1131 GMP Sase 53
35 1575 GMP Sase 41
38 1616 inosine-5-monophosphate DHase 62
49 1265 nucleoside diP kinase 55
71 0616 PRAD carboxylase 57
30 1592 PRAD succinocarboxamide Sase 48

0203 phosphoribosylformylglycinamidine
30 cyclo-ligase 40
75 1648 phosphoribosylformylglycinamidine Sase 52
60 1264 phosphoribosylformylglycinamidine Sase II 43
61 1486 phosphoribosylglycinamide formylTase 2 64
64 1366 ribose-phosphate pyrophosphokinase 35
53
56 Pyrimidine ribonucleotide biosynthesis
54 1581 Asp carbamoyl Tase, catalytic sub 50
88 1406 Asp carbamoyl Tase, regulatory sub 37
80 1378 carbamoyl-phosphate Sase, large sub 60
83 1381 carbamoyl-phosphate Sase, large sub 55
83 1019 carbamoyl-phosphate Sase, small sub 49
60 1174 CTP Sase 58
38 0656 cytidylate kinase 34
61 1490 dihydroorotase 35
86 0654 dihydroorotase DHase 42
76 0293 thymidylate kinase 32
79 1109 uridine 5-monophosphate Sase 39
69 1259 uridylate kinase 31
67
40 Salvage of nucleosides and nucleotides
64 1459 adenine deaminase 36
37 1655 adenine PRTase 34
62 0060 methylthioadenosine phosphorylase 42
38 0667 thymidine phosphorylase 31
63 Sugar-nucleotide biosynthesis and conversions
56 1101 glucose-1-phosphate thymidylyl Tase 34
50 1334 UDP-glucose pyrophosphorylase 47
70
70 Regulatory functions
52 0800 (R)-2-hydroxyglutaryl-CoA DTase activator 32
36 0004 (R)-2-hydroxyglutaryl-CoA DTase activator 38
58 0059 nitrogen regulatory prot P-fl 57
45 1344 nitrogen regulatory prot P-fl 57
48 0300 put transcriptional regulator 32
60 0723 put transcriptional regulator 51

0151 put transcriptional regulator 52

46 Replication
42 Degradation of DNA
60 1434 endonuclease III 27
42 0613 endonuclease III 42
38 1439 thermonuclease precursor 37

DNA replication, restriction, modification, recom-
29 bination, and repair

1029 dimethyladenosine Tase 40
0104 put DNA helicase 36

30 0171 DNA ligase 36
0869 DNA repair prot 45
1444 DNA repair prot RAD2 38

30 0254 DNA repair prot RAD51 34
35 0961 DNA replication initiator prot 33
44 1652 DNA topoisomerase 34
43 0885 DNA-dep DNA polymerase, lam B 47
48 1529 methylated DNA protcysteine MTase 37
61 ,98 modification methylase 36
41 @28 -pnodification methylase 36
59 12 *odification methylase 41
49 1498 %odification methylase 31

0563 modification methylase 35
0985 modification methylase 54

48 1149 mutator mutT prot 41
65 0942 put ATP-dep helicase 35
49 0247 proliferating-cell nuclear antigen 32
59 0026 proliferating-cell nucleolar antigen, 120 kD 47

1422 replication factor C 46
44 0884 replication factor C, large sub 38
43 1220 restriction modification enzyme, Ml sub 33
34 0132 type restriction enzyme 37
47 0130 restriction modification system S sub 29

1512 reverse gyrase 42
0135 ribonuclease HIl 40
ECL42 type restriction enyzme

ECOR124/3 M prot 40
28 1214 type restriction enzyme 28
39 0124 type restriction enzyme 32
32 ECL40 type restriction enzyme 37
40 1531 type restriction enzyme CfrI, specificity sub 39

MJ# Gene descri0tion
1218 type restriction-modification enzyme, S sul
0984 type 11 restriction enzyme
0600 type 11 restriction enzyme DPNII

Transcription
DNA-dependent RNA polymerase
1042 DNA-dep RNA polymerase, A' sub
1043 DNA-dep RNA polymerase, A" sub
1041 DNA-dep RNA polymerase, B' sub
1040 DNA-dep RNA polymerase, B" sub
0192 DNA-dep RNA polymerase, D sub
0397 DNA-dep RNA polymerase, E' sub
0396 DNA-dep RNA polymerase, E" sub
1039 DNA-dep RNA polymerase, H sub
1390 DNA-dep RNA polymerase, sub
0197 DNA-dep RNA polymerase, K sub
0387 DNA-dep RNA polymerase, L sub
0196 DNA-dep RNA polymerase, N sub

RNA processing
0697 fibrillarin-like pre-rRNA processing prot

Transcription factors
0941 put transcription initiation factor IIIC
1045 put transcription term-antiterm factor nusA
0372 put transcription term-antiterm factor nusC
0507 TATA-binding transcription initiation factor
0782 transcription initiation factor IIB
1148 transcription-associated prot 'TFIIS'

Translation
0160 PET112 prot

Amino acyl tRNA synthetases
0564 alanyl-tRNA Sase
0237 arginyl-tRNA Sase
1555 aspartyl-tRNA Sase
1377 glutamyl-tRNA Sase
0228 glycyl-tRNA Sase
1000 histidyl-tRNA Sase
0947 isoleucyl-tRNA Sase
0633 leucyl-tRNA Sase
1263 methionyl-tRNA Sase
0487 phenylalanyl-tRNA Sase, alpha sub
1108 phenylalanyl-tRNA Sase, beta sub
1238 prolyl-tRNA Sase
1197 threonyl-tRNA Sase
1415 tryptophanyl-tRNA Sase
0389 tyrosyl-tRNA Sase
1007 valyl-tRNA Sase
1077 seryl-tRNA Sase

Degradationofproteins, peptides, and glycopep-
tides
1176 ATP-dep 26S protease regulatory sub 4
1494 ATP-dep 26S protease regulatory sub 8
1417 ATP-dep protease La
0090 collagenase
1130 0-sialoglycoprotein endopeptidase
0651 protease IV
0591 proteasome, alpha sub
1237 proteasome, betasub
0806 XAA-PRO dipeptidase, M24B fam
0996 Zn protease

Protein modification
0814 deoxyhypusine Sase
1274 diphthine Sase
0172 L-isoaspartyl prot carboxyl MTase
1329 Met aminopeptidase
1530 N-terminal acetylTase complex, ARD1 sub
1591 selenium donor prot

Ribosomal proteins: synthesis and modihication
0509 acidic ribosomal prot PO (Ll OE)
0242 ribosomal prot HG12
1203 ribosomal prot HS6-type
0510 ribosomal prot LI
0373 ribosomal prot Li
0508 ribosomal prot L12
0194 ribosomal prot LI3
0466 ribosomal prot L14
0657 ribosomal prot L14B
0477 ribosomal prot Li5
0983 ribosomal prot LlSB
0474 ribosomal prot Ll8
0473 ribosomal prot Li 9
0179 ribosomal prot L2
0040 ribosomal prot L21
0460 ribosomal prot L22
0178 ribosomal prot L23

Id MA1 Geneudescription
b 30 0467 ribosomal prot L24

48 1201 ribosomal prot L24E
41 0462 ribosomal prot L29

0193 ribosomal prot L29E
0176 ribosomal prot L3
1044 ribosomal prot L30

75 0049 ribosomal prot L31
65 0472 ribosomal prot L32
74 0655 ribosomal prot L34
71 0098 ribosomal prot L37
41 0593 ribosomal prot L37a
42 0177 ribosomal prot L4
36 0707 ribosomal prot L40
50 0249 ribosomal prot L44
54 0689 ribosomal prot L46
44 0469 ribosomal prot L5
36 0471 ribosomal prot L6
54 0476 ribosomal prot L7

0595 ribosomal prot LX
0322 ribosomal prot S10

76 0191 ribosomal prot S11
1046 ribosomal prot S12
0036 ribosomal prot S13

21 1474 ribosomal prot S15A
48 0465 ribosomal prot S17
25 0245 ribosomal prot S1 7B
48 0189 ribosomal prot S18
64 0180 ribosomal prot S19
59 0692 ribosomal prot S19S

0394 ribosomal prot S24
0250 ribosomal prot S27

34 0393 ribosomal prot S27A
0461 ribosomal prot S3
1202 ribosomal prot S33

28 0980 ribosomal prot S3a
32 0190 ribosomal prot S4
58 0468 ribosomal prot S4E
52 0475 ribosomal prot S5
46 1260 ribosomal protS6
36 0620 ribosomal prot S6 modification prot
53 1001 ribosomal prot S6 modification prot 11
36 1047 ribosomal protS7
37 0470 ribosomal protS8
41 0673 ribosomal prot S8E
32 0195 ribosomal prot S9
40
30 Translation factors
31 0829 peptide chain release factor, eRF, sub 1
39 1574 ATP-dep RNA helicase, elF-4A fam
37 1505 ATP-dep RNA helicase, elF-4A fam
18 0669 ATP-dep RNA helicase, elF-4A fam

0495 put translation factor, EF-TU/1 alpha fam
0262 put translation initiation factor,

FUN1 2/lF-2 fam
47 0324 translation elongation factor, EF-1 alpha
54 1048 translation elongation factor, EF-2
30 0445 translation initiation factor, eIF-f A
33 0117 translation initiation factor, elF-2, alpha sub
51 0097 translation initiation factor, elF-2, beta sub
35 1261 translation initiation factor, elF-2, gamma sub
58 0454 translation indtiation factor, elF-2B, alpha sub
49 0122 translation initiation factor, elF-2B, delta sub
34 1228 translation initiation factor, elF-5A
34

tRNA modification
0946 N2,N2-dimethylguanosine tRNA MTase

50 1675 pseudouridylate Sase
42 0436 queuine tRNA ribosylTase
46
36 Transport and binding proteins
40 1572 ABC transporter ATP-BP
35 0719 ABC transporter ATP-BP

1023 ABC transporter ATP-BP
0035 ABC transporter sub

63 1508 ABC transporter, probable ATP-binding sub
64 1326 GTP-BP
47 1332 GTP-BP
65 1408 GTP-BP, GTP1/OBG-fam
47 1464 put GTP-BP
73 1033 magnesium and cobalt transport prot
46 0091 sodium-calcium exchanger prot
75 0283 nucleotide-BP
37
65 Amino acids, peptides, and amines
55 0609 amino acid transporter
74 1343 ammonium transport prot AMTI
69 0058 ammonium transporter
74 1269 branched-chain amino acid transport
55 prot livH
40 1266 branched-chain amino acid transport
70 prot livJ

S1d MJ#k Gene description
73 1270 branched-chain amino acid transport
54 prot livM
52 1196 cationic amino acid transporter MCAT-2
49 0304 ferripyochelin BP
47 0796 Gln transport ATP-BP 0
65 1267 branched-chain amino acid transport
41 ATP-BP
57 1268 branched-chain amino acid transport
37 ATP-BP
52
45 Anions
50 0412 nitrate transport ATP-BP
58 0413 nitrate transport permease prot 35
39 1012 phosphate transport system ATP-BP
52 1013 phosphate transport system permease
72 prot A
67 1014 phosphate transport system permease
72 prot C
39 1009 phosphate transport system regulatory prot
68 1015 phosphate-BP
62
83 Carbohydrates, organic alcohols, and acids
50 0576 malic acid transport prot
22 0762 malic acid transport prot
72 0121 SN-glycerol-3-phosphate transport ATP-BP
52 1319 sodium-dep noradrenaline transporter
43
57 Cations
46 1088 cobalt transport ATP-BP D
43 1090 cobalt transport prot N
41 1089 cobalt transport prot 0
58 0089 ferric enterobactin transport ATP-BP
47 0873 ferric enterobactin transport ATP-BP
63 0566 ferrous iron transport prot B
29 0877 hemin permease
52 0087 hemin permease
71 0085 iron transport system BP
74 0876 iron(lIl) dicitrate transport system
37 permease prot
35 1441 magnesium chelatase sub 36
25 0911 magnesium chelatase sub 56
63 1275 sodium-hydrogen antiporter
74 0672 sodium transporter
50 1231 oxaloacetate DCase, alpha sub
51 1357 put potassium channel prot

1367 sulfate permease
1368 sulfate/thiosulfate transport prot

33 1485 TRK system potassium uptake prot
34 1105 TRK system potassium uptake prot A
32
44 Other
37 1142 ATPase, arsenical pump-driving

0822 ATPase, vanadate-senstive
40 0718 chromate resistance prot A
80 1226 ATPase, hydrogen transporting
75 1560 quinolone resistance norA prot
49
34 Other categories
33 Drug and analog sensitivity
53 1538 toxin sensitivity prot KTI12
38 0102 phenylacrylic acid DCase
30
50 Phage-related functions and prophages

0630 sodium-dep phosphate transporter

33 Transposon-related functions
34 0367 integrase
30 0017 transposase

1466 transposase

36 Other
50 1064 acetylTase
50 1612 phosphonopyruvate DCase
38 0677 ethylene-inducible prot homolog
44 0534 flavoprotein
52 0748 flavoprotein
40 0256 phosphonopyruvate DCase
31 1682 heat shock prot X
35 0866 HIT prot, member of the HfT-tam
43 0294 large helicase rel prot, LHR
32 0010 phosphonopyruvate DCase
45 0734 rubrerythrin

0559 survival prot surE
1100 urease operon prot

22 0543 Wilm's tumor suppressor homolog
36 0765 [6Fe-6S- prismane-containing prot
35 1365 pheromone shutdown prot

ECL24SOJ prot
31

28

31
25
53
48

35

40

45

60

37

39
29
42

24
25
33
40

46
46
29
34
36
36
34
38
33

32

30
40
53
30
38
30
29
35

35
49
28
45
29

29
46

33

31
30
30

47
32
67
35
68
30
31
40
32
28
49
35
34
44
61
31
36
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contains 12 predicted protein-coding re-
gions and has a G+C content of 28.8%
(Fig. 2). The sequences of the M. jannaschii
chromosome and of the large and small
ECEs have been deposited in the Genome
Sequence DataBase with the accession num-
bers L77117, L77118, and L77119, respec-
tively. The annotated genome sequence data
and clone information for M. jannaschii are
available on the World Wide Web (http://
www.tigr.org/tdb/mdb/mjdb/mjdb.html).

Of the 1743 predicted protein-coding
regions reported previously for H. influen-
zae, 78% had a match in the public se-
quence database (3). Of these, 58% were
matches to genes with reasonably well
defined function, whereas 20% were
matches to genes whose function was un-
defined. Similar observations were made
for the M. genitalium genome (3). Of the
predicted protein-coding regions from M.
genitalium, 83% have a counterpart in the
H. influenzae genome. In contrast, only
38% of the predicted protein-coding re-
gions from M. jannaschii match a gene in
the database that could be assigned a pu-
tative cellular role with high confidence;
6% of the predicted protein-coding re-
gions had matches to hypothetical pro-
teins (Fig. 3 and Table 1). Approximately
100 genes in M. jannaschii had marginal
similarity to genes or segments of genes
from the public sequence databases and
could not be assigned a putative cellular
role with high confidence. Only 11% of
the predicted protein-coding regions from
H. influenzae and 17% of the predicted
protein-coding regions from M. genitalium
matched a predicted protein-coding re-
gion from M. jannaschii.

Energy production in M. jannaschii oc-
curs by the reduction of CO2 with H2 to
produce methane. Genes for all of the
known enzymes and enzyme complexes as-
sociated with methanogenesis (10) were
identified in M. jannaschii, the sequence
and order of which are typical of methano-
gens. Methanococcus jannaschii appears to
use both H2 and formate as substrates for
methanogenesis, but lacks the genes to use
methanol or acetate. The ability to fix ni-
trogen has been demonstrated in a number
of methanogens (11), and all the genes
necessary for this pathway have been iden-
tified in M. jannaschii (Table 1). In addition
to its anabolic pathways, several scavenging
molecules have been identified in M. jann-
aschii that probably play a role in importing
small organic compounds, such as amino
acids, from the environment (Table 1).

Three different pathways control the fix-
ation of CO2 into organic carbon: the non-
cyclic, reductive acetyl-coenzyme A-car-
bon monoxide dehydrogenase pathway
(Ljungdahl-Wood pathway), the reductive

trichloroacetic acid cycle, and the Calvin
cycle. Methanogens fix carbon by the
Ljungdahl-Wood pathway (12), which is
facilitated by the carbon monoxide dehy-
drogenase enzyme complex (13). The com-
plete Ljungdahl-Wood pathway, encoded in
the M. jannaschii genome, depends on the
methyl carbon in methanogenesis; howev-
er, methanogenesis can occur independent-
ly of carbon fixation.

Although genes encoding two enzymes
required for gluconeogenesis (glucopyruvate
oxidoreductase and phosphoenolpyruvate
synthase) were found in the M. jannaschii
genome, genes encoding other key interme-
diates of gluconeogenesis (fructose bisphos-
phatase and fructose 1,6-bisphosphate aldo-
lase) were not identified. Glucose catabolism
by glycolysis also requires the aldolase, as
well as phosphofructokinase, an enzyme that
also was not found in M. jannaschii and has
not been detected in any of the Archaea. In
addition, genes specific for the Entner-Dou-
doroff pathway, an altemative pathway used
by some microbes for the catabolism of glu-
cose, were not identified in the genomic

sequence. The presence of a number of near-
ly complete metabolic pathways suggests that
some key genes are not recognizable at the
sequence level, although we cannot exclude
the possibility that M. jannaschii may use
alternative metabolic pathways.

In general, the M. jannaschii genes that
encode proteins involved in the transport of
small inorganic ions into the cell are ho-
mologs of bacterial genes. The genome in-
cludes many representatives of the ABC
transporter family, as well as genes for ex-
porting heavy metals (for example, the
chromate-resistance protein) and other tox-
ic compounds (for example, the norA drug
efflux pump locus).

More than 20 predicted protein-coding
regions have sequence similarity to polysac-
charide biosynthetic enzymes. These genes
have only bacterial homologs or are most
closely related to their bacterial counter-
parts. The identified polysaccharide biosyn-
thetic genes in M. jannaschii include those
for the interconversion of sugars, activation
of sugars to nucleotide sugars, and glycosyl-
transferases for the polymerization of nucde-

1,300,000'

1,200,000-

400,000

900,000 800,000
Fig. 1. A circular representation of the M. jannaschii chromosome illustrating the location of each
predicted protein-coding region as well as selected features of the genome. Outer concentric circle:
predicted protein-coding regions on the plus strand color-coded according to role as indicated in Fig. 3.
Second concentric circle: predicted protein-coding regions on the minus strand color-coded according
to role as indicated in Fig. 3. Third concentric circle: coverage by X clones (three levels of blue range bars).
Fourth and fifth concentric circles representing the plus and minus strands, respectively: members of the
ISAMJ1 family (red) and repetitive elements (cyan). Sixth and seventh concentric circles representing the
plus and minus strands, respectively: transfer RNAs (black) and ribosomal RNAs (green).
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otide sugars into oligo- and polysaccha-
rides that are subsequently incorporated
into surface structures (14). In an arrange-
ment similar to that of bacterial polysac-
charide biosynthesis genes, many of the
genes for M. jannaschii polysaccharide pro-
duction are clustered together (Table 1
and Fig. 3). The G+C content in this
region is <95% of that in the rest of the
M. jannaschii genome. A similar observa-
tion was made in Salmonella typhimurium
(15), in which the gene cluster for lipo-
polysaccharide 0 antigen has a signifi-
cantly lower G+C ratio than that in the

rest of the genome. In that case, the dif-
ference in G+C content was interpreted
as meaning that the region originated by
lateral transfer from another organism.

Of the three main multicomponent in-
formation-processing systems (transcrip-
tion, translation, and replication), trans-
lation appears to be the most universal in
its overall makeup in that the basic trans-
lation machinery is similar in all three
domains of life. Methanococcus jannaschii
has two ribosomal RNA operons, desig-
nated A and B, and a separate 5S RNA
gene that is associated with several trans-

1

10,0

45,000 -

40,000

30,000 1
Fig. 2. Gene maps of the extrachromosomal 15,000
elements (ECEs) of M. jannaschii shown to scale.
Predicted protein-coding regions are shown 2
with the direction of transcription indicated by
the tier in which the ORF appears (outer, plus \
strand; inner, minus strand). Coding regions are 12,500
color-coded according to the same putative role
key in Fig. 3. ORFs or repeat regions that have a
significant degree of sequence similarity to an
ORF on the main chromosome are indicated by 10,000 7
an asterisk. The large ECE contains three sepa- 7,500
rate short regions of unusual structure (polypyri-
midine or polypurine stretches of high G+C content) that show mirror symmetry. These regi
indicated in the third concentric circle by blue rectangles. In all three instances, the core of th4
structure has the sequence CCCTCTCGGG-CTCTCCC (or its complement). ApproximatE
symmetry extends beyond this core, for stretches of (total length) 15, 19, and 21 pyrimid
purines) on either side of the center of symmetry. Mirror symmetry of this sort is characteristic
capable of forming triple-stranded structures (33). The green rectangle in the innermost cor
circle of the large ECE indicates the location of the group C member of the ISAMJ1 family of ir
elements.

fer RNAs (tRNAs). Operon A has the
organization 1 6S-23S-5S, whereas operon
B lacks the 5S component. An alanine
tRNA is situated in the spacer region be-
tween the 16S and 23S subunits in both
operons. The majority of proteins associ-
ated with the ribosomal subunits (espe-
cially the small subunit) are present in
both Bacteria and Eukaryotes. However,
the relatively protein-rich eukaryotic ribo-
some contains additional ribosomal pro-
teins not found in the bacterial ribosome.
A smaller number of Bacteria-specific ri-
bosomal proteins exist as well. The M.
jannaschii genome contains all ribosomal
proteins that are common to Eukaryotes
and Bacteria. It shows no homologs of the
bacterial-specific ribosomal proteins, but
does possess homologs of a number of the
eukaryotic-specific ones. Homologs of all
archaeal-specific ribosomal proteins that
have been reported to date (16) are found
in M. jannaschii.

As shown for other Archaea (2), the
'00 Methanococcus translation elongation fac-

tors EF-lot (EF-Tu in Bacteria) and EF-2
(EF-G in Bacteria) are most similar to
their eukaryotic counterparts. In addition,
the M. jannaschii genome contains 11
translation-initiation factor genes. Three
of these genes encode the subunits homol-
ogous to those of the eukaryotic IF-2 and

15,000 are reported here in the Archaea for the
first time. A fourth initiation factor gene
that encodes a second IF-2 is also found in
M. jannaschii. This additional IF-2 gene is
most similar to the yeast protein FUN12
(17) which, in turn, appears to be a homolog
of the bacterial IF-2. It is not known which
of the two IF-2-like initiation factors iden-
tified in M. jannaschii plays a role in directing
the initiator tRNA to the start site of the
mRNA. The fifth identified initiation fac-
tor gene in M. jannaschii encodes IF-lA,
which has no bacterial homolog. The
sixth gene encodes the hypusine-contain-
ing initiation factor eIF-5a. Two subunits
of the translation initiation factor eIF-2B

?,500 were identified in M. jannaschii. Finally,
three putative adenososine triphosphate-
dependent helicases were identified that
belong to the eIF-4a family of translation

5,000 initiation factors.
Thirty-seven tRNA genes were identi-

fied in the M. jannaschii genome. Almost
all amino acids encoded by two codons
have a single tRNA, except for glutamic
acid, which has two. Both an initiator and

ons are an internal methionyl tRNA are present.
e mirror The two pyrimidine-ending isoleucine
ines (or codons are covered by a single tRNA,
of DNA whereas the third (AUA) seems covered
icentric by a related tRNA having a CAU antico-
isertion don. A single tRNA appears to cover the

three isoleucine codons. Those amino ac-
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ids encoded by four codons each have two
tRNAs, one to cover the Y-, the other the
R-ending, codons. Valine has a third
tRNA, which is specific for the GUG
codon; and alanine has three tRNAs (two
of which are in the spacer regions separat-
ing the 16S and 23S subunits in the two
ribosomal RNA operons). Leucine, serine,
and arginine, all of which have six codons,
each possess three corresponding tRNAs.
The genes for the internal methionine and
tryptophan tRNAs contain introns in
their anticodon loops.
A tRNA also exists for selenocysteine

(UGA codon). At least four genes in M.
jannaschii contain internal stop codons
that are potential selenocysteine codons:
the ao chain of formate dehydrogenase,
coenzyme F420-reducing hydrogenase, B-
chain tungsten formyl-methanofuran dehy-
drogenase, and a heterodisulfide reductase.
Three genes with a putative role in seleno-
cysteine metabolism were identified by their
similarity to the sel genes from other organ-
isms (Table 1).

Recognizable homologs for four of the
aminoacyl-tRNA synthetases (glutamine,
asparagine, lysine, and cysteine) were not
identified in the M. jannaschii genome.
The absence of a glutaminyl-tRNA syn-
thetase is not surprising given that a num-
ber of organisms, including at least one
archaeon, have none (18). In these in-
stances, glutaminyl tRNA charging in-
volves a post-charging conversion mecha-
nism whereby the tRNA is charged by the
glutamyl-tRNA synthetase with glutamic
acid, which then is enzymatically convert-
ed to glutamine. A post-charging conver-
sion is also involved in selenocysteine
charging by the seryl-tRNA synthetase. A
similar mechanism has been proposed for
asparagine charging, but has not been
demonstrated (18). The inability to find
homologs of the lysine and cysteine ami-
noacyl-tRNA synthetases is surprising be-
cause bacterial and eukaryotic versions in
each instance show clear homology.

Aminoacyl-tRNA synthetases of M. jan-
naschii and other Archaea resemble eukary-
otic synthetases more closely than they re-
semble bacterial forms. The tryptophanyl
synthetase is one of the more notable ex-
amples, because the M. jannraschii and eu-
karyotic versions do not appear to be spe-
cifically related to the bacterial version
(19). Two versions of the glycyl synthetase
are present in Bacteria, one that is very
unlike the version found in Archaea and
Eukaryotes and one that is an obvious ho-
molog of it (20).

Eleven genes encoding subunits of the
DNA-dependent RNA polymerase were
identified in the M. jannaschii genome.
The sequence similarity between the sub-

units and their homologs in Sulfolobus aci-
docaldarius supports the evolutionary unity
of the archaeal polymerase complex (21).
All of the subunits found in M. jannaschii
show greater similarity to their eukaryotic
counterparts than to the bacterial ho-
mologs. The genes encoding the five larg-
est subunits (A', A", B', B", D) have
homologs in all organisms. Six genes en-
code subunits shared only byArchaea and
Eukaryotes (E, H, K, L, and N). The M.
jannaschii homolog of the S. acidocaldarius
subunit E is split into two genes designated
E' and E". Sulfolobus acidocaldarius also
contains two additional small subunits of
RNA polymerase, designated G and F,
that have no counterparts in either Bac-
teria or Eukaryotes. No homolog of these F
subunits was identified in M. jannaschii.

The archaeal transcription initiation
system is essentially the same as that found
in Eukaryotes and is radically different from
the bacterial version (22). The central mol-
ecules in the former systems are the TATA-
binding protein (TBP) and transcription
factor B (TFIIB and TFIIIB in Eukaryotes,
or simply TFB). In the eukaryotic systems,
TBP and TFB are parts of larger complexes,
and additional factors (such as TFIIA and
TFIIF) are used in the transcription process.
However, the M. jannaschii genome does
not contain obvious homologs of TFIIA
and TFIIF.

Several components of the replication
machinery were identified in M. jannaschii.
The M. jannaschii genome appears to en-
code a single DNA-dependent polymerase
that is a member of the B family of poly-
merases (23). The polymerase shares se-
quence similarity and three motifs with oth-
er family B polymerases, including eukary-
otic ao, y, and E polymerases, bacterial poly-
merase II, and several archaeal polymerases.
However, it is not homologous to bacterial
polymerase I and has no homologs in H.
influenzae or M. genitalium.

Primer recognition by the polymerase
takes place through a structure-specific
DNA binding complex, the replication fac-
tor complex (rfc) (23). In humans and
yeast, the rfc is composed of five proteins: a
large subunit and four small subunits that
have an associated adenosine triphos-
phatase (ATPase) activity stimulated by
proliferating cell nuclear antigen (PCNA).
Two genes in M. jannaschii are putative
members of a eukaryotic-like replication
factor complex. One of the genes in M.
jannaschii is a putative homolog of the large
subunit of the rfc, whereas the second is a
putative homolog of one of the small sub-
units. Among Eukaryotes, the rfc proteins
share sequence similarity in eight signature
domains (23). Domain I is conserved only
in the large subunit among Eukaryotes and

is similar in sequence to DNA ligases. This
domain is missing in the large-subunit ho-
molog in M. jannaschii. The remaining
domains in the two M. jannaschii genes are
well conserved relative to the eukaryotic
homologs. Two features of the sequence
similarity in these domains are of particu-
lar interest. First, domain II (an ATPase
domain) of the small-subunit homolog is
split between two highly conserved amino
acids (lysine and threonine) by an inter-
vening sequence of unknown function.
Second, the sequence of domain VI has
regions that are useful for distinguish-
ing between bacterial and eukaryotic rfc
proteins (23); the rfc sequence for M.
jannaschii shares the characteristic eukary-
otic signature in this domain.
We attempted to identify an origin of

replication by searching the M. jannaschii
genome sequence with a variety of bacte-
rial and eukaryotic replication-origin con-
sensus sequences. Searches with oriC,
ColEl, and autonomously replicating se-
quences from yeast (23) did not identify
an origin of replication. With respect to
the related cellular processes of replication
initiation and cell division, the M. jann-
aschii genome contains two genes that are
putative homologs of Cdc54, a yeast pro-
tein that belongs to a family of putative
DNA replication initiation proteins (24).
A third potential regulator of cell division
in M. jannaschii is 55% similar at the
amino acid level to pelota, a Drosophila
protein involved in the regulation of the
early phases of meitoic and mitotic cell
division (25).

In contrast to the putative rfc complex
and the initiation of DNA replication, the
cell division proteins from M. jannaschii
most resemble their bacterial counterparts
(26). Two genes similar to that encoding
FtsZ, a ubiquitous bacterial protein, are
found in M. jannaschii. FtsZ is a polymer-
forming, guanosine triphosphate (GTP)-
hydrolyzing protein with tubulin-like ele-
ments; it is localized to the site of septation
and forms a constricting ring between the
dividing cells. One gene similar to FtsJ, a
bacterial cell division protein of undeter-
mined function, also is found in M. jann-
aschii. Three additional genes (MinC,
MinD, and MinE) function in concert in
Bacteria to determine the site of septation
during cell division. In M. jannaschii, three
MinD-like genes were identified, but none
for MinC or MinE. Neither spindle-associ-
ated proteins characteristic of eukaryotic
cell division nor bacterial mechanochemi-
cal enzymes necessary for partitioning the
condensed chromosomes were detected in
the M. jannaschii genome. Taken together,
these observations raise the possibility that
cell division in M. jannaschii might occur by
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a mechanism specific for the Archaea.
The structural and functional conserva-

tion of the signal peptide of secreted pro-
teins in Archaea, Bacteria, and Eukaryotes
suggests that the basic mechanisms of mem-
brane targeting and translocation may be
similar among all three domains of life. The
secretory machinery of M. jannaschii ap-
pears to be a rudimentary apparatus relative
to that of bacterial and eukaryotic systems
and consists of (i) a signal peptidase (SP)

that cleaves the signal peptide of translo-
cating proteins, (ii) a preprotein translocase
that is the major constituent of the mem-
brane-localized translocation channel, (iii)
a ribonucleoprotein complex (signal recog-
nition particle, SRP) that binds to the sig-
nal peptide and guides nascent proteins to
the cell membrane, and (iv) a docking pro-
tein that acts as a receptor for the SRP. The
7S RNA component of the SRP from M.
jannaschii shows a highly conserved struc-

Table 2. Genes of M. jannaschii that contain inteins.

Gene Putative identification No. of
no. inteins

MJ0043 Hypothetical protein (Bacillus subtilis) 1
MJ0262 Putative translation initiation factor, FUN1 2/blF-2 family 1
MJ0542 Phosphoenolpyruvate synthase 1
MJ0682 Hypothetical protein (Escherichia coli) 1
MJ0782 Transcription initiation factor IIB 1
MJ0832 Anaerobic ribonucleoside-triphosphate reductase 2
MJ0885 DNA-dependent DNA polymerase, family B 2
MJ1 042 DNA-dependent RNA polymerase, subunit A' 1
MJ1 043 DNA-dependent RNA polymerase, subunit A" 1
MJ1 054 UDP-glucose dehydrogenase 1
MJ1 124 Hypothetical protein (Saccharomyces cerevisiae) 1
MJ1420 Glutamine-fructose-6-phosphate transaminase 1
MJ1442 Replication factor C, 37-kD subunit 3
MJ1512 Reverse gyrase 1

Fig. 4. Structure of a putative family of insertion ISAMJ1-A, 703 bp
sequence (IS) elements in the M. jannaschii ge- A
nome. The family of elements has been named

49 bp -163_bp_273_bp_ 69_bp__bp
ISAMJ1 and contains 11 members distributed 4sbp 163bP 273bp 69bp88bP
among three groups (A, B, and C). The outer ISAMJ1-B, 358 to 360 bp
rectangle indicates the entire IS element; the inte- B
rior rectangles indicate the predicted coding re- AA
gions, oriented with the NH2-termini to the left. ISAMJ1-C, 265 bp
DNA immediately adjacent to the NH2-termini is c
75 to 100% identical over 50 bp; DNA sequence
similarity at the COOH-termini ends immediately after the stop codon. Black triangles indicate terminal
inverted repeats. Fill patterns indicate which regions are missing from the elements in groups B and C.
(A) Two copies of this family are 642 bp long and are 97% similar to each other at the nucleotide level.
They appear to encode a protein 214 amino acids in length (ORFs MJ001 7 and MJ1 466) that are 27%
identical to the IS240 transposase of B. thuringiensis (GenBank accession number: M23741). (B) Eight
copies of the family range in length from 358 to 360 bp and are missing a 342-bp internal region relative
to the two members of group A. Some members of group B have putative frameshifts (indicated by solid
arrows) and in-frame UGA codons (indicated by open arrows). (C) The single copy in group C is 265 bp
in length and occurs on the large ECE. The 436-bp internal region missing from this element is different
than that of the members of group B.

Fig. 5. Structure of a multicopy repetitive element Intervening
in the M. jannaschii genome. Of the 18 copies LRsegment SR segments Huniquesequence
identified on the main chromosome, 7 are orient- A
ed in one direction (plus strand) and 1 1 are orient- B 1F
ed in the opposite strand. Each element consists
of a long, 391- to 425-bp repeat segment (desig-
nated LR) followed by up to 25 short, 27- to 28-bp D lz 11
repeat segments (designated SR). Each SR seg- E
ment is separated by 31 to 51 bp of sequence that
is unique within and between each complete repeat element. (A) The longest repeat element has an LR
segment followed by 25 SR segments and spans more than 2 kbp, and (B) the shortest complete
element has an LR segment followed by two SR segments. (C) One element is present in the genome
with five SR segments and no LR component. (D and E) The LR segments of two elements in the
genome are truncated at the end adjacent to the SR segments; both are followed by a single SR
segment.

tural domain shared by other Archaea, Bac-
teria, and Eukaryotes (27). However, the
predicted secondary structure of the 7S
RNA SRP component in Archaea is more
like that found in Eukaryotes than in Bac-
teria (27). The SP and docking proteins
from M. jannaschii are most similar to their
eukaryotic counterparts; the translocase is
most similar to the SecY translocation-as-
sociated protein in Escherichia coli.
A second distinct signal peptide is found

in the flagellin genes of M. jannaschii.
Alignment of flagellin genes from M. voltae
(28) and M. jannaschii reveals a highly con-
served NH2-terminus (31 of the first 50
residues are identical in all of the mature
flagellins). The peptide sequence of the M.
jannaschii flagellin indicates that the protein
is cleaved after the canonical Gly-12 posi-
tion, and it is proposed to be similar to
type-IV pilins of Bacteria (28).

Five histone genes are present in the M.
jannaschii genome-three on the main
chromosome and two on the large ECE.
These genes are homologs of eukaryotic
histones (H2a, H2b, H3, and H4) and of
the eukaryotic transcription-related CAAT-
binding factor CBF-A (29). The similarity
between archaeal and eukaryotic histones
suggests that the two groups of organisms
resemble one another in the roles histones
play both in genome supercoiling dynamics
and in gene expression. The five M. jann-
aschii histone genes show greatest similarity
among themselves even though a histone
sequence is available from the closely related
species, Methanococcus voltae. This in-
traspecfic similarity suggests that the gene
duplications that produced the five histone
genes occurred on the M. jannaschii lineage
per se.

Self-splicing portions of a peptide se-
quence that generally encode a DNA endo-
nuclease activity are called inteins, in anal-
ogy to introns (30). The sequences remain-
ing after an intein is excised are called
exteins, in analogy to exons. Exteins are
spliced together after the excision of one or
more inteins to form functional proteins.
The biological significance and role of in-
teins are not clearly understood (30). Four-
teen genes in the M. jannaschii genome
contain 18 putative inteins, a significant
increase in the approximately 10 intein-
containing genes that have been described
(30) (Table 2). The only previously de-
scribed inteins in the Archaea are in the
DNA polymerase genes of the Thermococ-
cales (30). The M. jannaschii DNA poly-
merase gene has two inteins in the same
locations as those in Pyrococcus sp. strain
KODI. In this case, the exteins exhibit
46% amino acid identity, whereas intein 2
of the two organisms has only 33% identity.
This divergence suggests that intein 2 has
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not been recently (laterally) transferred be-
tween the Thertnococcales and M. jann-
aschii. In contrast, the intein 1 seqLuences
are 56% identical, more than that of the
gene containing them, and comparable to
the divergence of inteins within the Ther-
mococcales. This high degree of sequience
similarity might be the resuLlt of an intein
transfer more recent than the splitting of
these species. The large number of inteinls
found in M. jannaschii led us to quCstion
whether these inteins have been increasing
in number by moving within the genome. If
this were so, we would expect to find some
pairs of inteins that are particularly similar.
Comparisons of these and other available
intein sequences showed that the closest
relationships are those noted above linking
the DNA polymerase inteins to correspond-
ingly positioned elements in the Thermo-
coccales. Within M. jannaschii, the highest
identity observed was 33% for a 380-bp
portion of two inteins. This finding suggests
that the diversification of the inteins pre-
dates the divergence of the M. jannaschii
and Pyrococcus DNA polymerases.

Three families of repeated genetic ele-
ments were idlentified in the M. jannaschii
genoine. Within two of the families, at least
two memhers were identified as ORFs with
a limited degree of sequience similarity to
bacterial transposases. Members of the first
family, designated ISAMJI, are repeated 10
times on the main chromosome and once
on the large ECE (Fig. 4). There is no
sequence similarity between the IS cle-
ments in M. jannaschii and the ISM I mobile
element described previously for Methano-
brevibacter smithii (31 ). Two members of this
family were identified as ORFs and are 27'S
identical (at the amino acid sequence level)
to a transposase from Bacillus thuringiensis
(IS240; GenBank accession number
M23741). Relative to these two members,
the remtaining members of the ISAMJ]I fam-
ily are missing an internal region of several
hundred nutcleotides (Fig. 4). With one ex-
ception, all members of this family end with
16-bp terminal inverted repeats typical of
insertion sequlences. One member is missing
the terminal repeat at its 5' end. The sec-
ond family consists of two ORFs that are

identical across 928 bp. The ORFs are 23%
identical at the amino acid sequlcnce level
to the COOH-terrll-nus of a transposase
from Lactococcus Ilctis (IS982; GenBank ac-
cession numiiber L34754). Neither of the
imembers of the second faimily contains ter-
minal inverted repeats.

Eighteen copies of the third family of
repeated genetic struLctures (Fig. 5) are dis-
tribuLted fairly evenly around the M. jann-
aschii genome (Fig. 3). Unlike the genetic
elements described ablove, none of the com-
ponents of this repeat unit appears to have
coding potential. The repeat structure is
composed of a long segment followed by 1
to 25 tandem repetitionls of a short segment.
The short segments are separated by se-
qluence that is uLiquLIe within and atn(ong
the complete repeat struLcture. Three similar
types of short segmllents were identified;
however, the type of shlort repeat is consis-
telnt within eaclh repeat struLCtuire, except for
v,ariation of the last short segment in six
repeat structuLres. Similar tandem repeats of
slhort segments have been observed in Bac-
teria and other Archaea (32) and have been

Fig. 6. An alignment of the largest gene family of M. jannaschii, illustrating are found on the large ECE. Predicted protein-coding regions were aligned
16 paralogous genes that have no database matches or recognizable with the GENEWORKS software package (Intelligenetics). Residues that
motifs relative to previously published sequences. These proteins contain are invariant among the 16 sequences are shaded red; residues that are
many charged residues; no regions of hydrophobicity were detected. invariant in >80% of the sequences (or are substituted conservatively) are
Three members of the gene family, those designated by MJECL numbers, shaded pink.
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hypothesized to participate in chromosome
partitioning during cell division.

The 16-kbp ECE from M. jannaschii con-
tains 12 ORFs, none of which had a signif-
icant full-length match to any published
sequence (Fig. 2). The 58-kbp ECE contains
44 predicted protein-coding regions, 5 of
which had matches to genes in the database.
Two of the genes are putative archael his-
tones, one is a sporulation-related protein
(SOJ protein), and two are type I restriction
modification enzymes. There are several in-
stances in which predicted protein-coding
regions or repeated genetic elements on the
large ECE have similar counterparts on the
main chromosome of M. jannaschii (Fig. 2).
The degree of nucleotide sequence similarity
between genes present on both the ECE and
the main chromosome ranges from 70 to
90%, suggesting that there has been rela-
tively recent exchange of at least some ge-
netic material between the large ECE and
the main chromosome.

All the predicted protein-coding regions
from M. jannaschii were searched against
each other in order to identify families of
paralogous genes (genes related by gene du-
plication, not speciation). The initial crite-
rion for grouping paralogs was >30% amino
acid sequence identity over 50 consecutive
amino acid residues. Groups of predicted
protein-coding regions were then aligned
and inspected individually to ensure that
the sequence similarity extended over most
of their lengths. This curatorial process re-
sulted in the identification of more than
100 gene families, half of which have no
database matches. The largest identified
gene family (16 members) (Fig. 6) contains
almost 1% of the total predicted protein-
coding regions in M. jannaschii. The gene
family alignments for. M. jannaschii are
available on the World Wide Web (http://
www.tigr.org/tdb/mdb/mjdb/).

Despite the availability for comparison
of two complete bacterial genomes and sev-
eral hundred megabase pairs of eukaryotic
sequence data, the majority of genes in M.
jannaschii cannot be identified on the basis
of sequence similarity. Previous evidence
for the shared common ancestry of the Ar-
chaea and Eukaryotes was based on a small
set of gene sequences (2). The complete
genome of M. jannaschii allows us to move
beyond a "gene by gene" approach to one
that encompasses the larger picture of met-
abolic capacity and cellular systems. The
anabolic genes of M. jannaschii (especially
those related to energy production and ni-
trogen fixation) reveal an ancient metabol-
ic world shared largely by Bacteria and Ar-
chaea. That many basic autotrophic path-
ways appear to have a common evolution-
ary origin suggests that the most recent
universal common ancestor to all three do-

mains of extant life had the capacity for
autotrophy. The Archaea and Bacteria also
share structural and organizational features
that the most recent universal prokaryotic
ancestors also likely possessed, such as cir-
cular genomes and genes organized as oper-
ons. In contrast, the cellular information-
processing and secretion systems in M. jan-
naschii demonstrate the common ancestry of
Eukaryotes and Archaea. Although compo-
nents of these systems are present in all
three domains, their apparent refinement
over time-especially transcription and
translation-indicate that the Archaea and
Eukaryotes share a common evolutionary
trajectory independent of the lineage of
Bacteria.
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Universal Quantum Simulators
Seth Lloyd

Feynman's 1982 conjecture, that quantum computers can be programmed to simulate
any local quantum system, is shown to be correct.

Over the past half century, the logical
devices by which computers store and pro-
cess information have shrunk by a factor of
2 every 2 years. A quantum computer is the
end point of this process of miniaturiza-
tion-when devices become sufficiently
small, their behavior is governed by quan-
tum mechanics. Information in conven-
tional digital computers is stored on capac-
itors. An uncharged capacitor registers a 0
and a charged capacitor registers a 1. Infor-
mation in a quantum computer is stored on
individual spins, photons, or atoms. An
atom can itself be thought of as a tiny ca-
pacitor. An atom in its ground state is anal-
ogous to an uncharged capacitor and can be
taken to register a 0, whereas an atom in an
excited state is analogous to a charged ca-
pacitor and can be taken to register a 1.

So far, quantum computers sound very
much like classical computers; the only use
of quantum mechanics has been to make a
correspondence between the discrete quan-
tum states of spins, photons, or atoms and
the discrete logical states of a digital com-
puter. Quantum systems, however, exhibit
behavior that has no classical analog. In
particular, unlike classical systems, quan-
tum systems can exist in superpositions of
different discrete states. An ordinary capac-
itor can be either charged or uncharged, but
not both: A classical bit is either 0 or 1. In
contrast, an atom in a quantum superposi-
tion of its ground and excited state is a
quantum bit that in some sense registers
both 0 and 1 at the same time. As a result,
quantum computers can do things that clas-
sical computers cannot.

Classical computers solve problems by
using nonlinear devices such as transistors
to perform elementary logical operations on

the bits stored on capacitors. Quantum
computers can also solve problems in a
similar fashion; nonlinear interactions be-
tween quantum variables can be exploited
to perform elementary quantum logical op-
erations. However, in addition to ordinary
classical logical operations such as AND,
NOT, and COPY, quantum logic includes
operations that put quantum bits in super-
positions of 0 and 1. Because quantum com-
puters can perform ordinary digital logic as
well as exotic quantum logic, they are in
principle at least as powerful as classical
computers. Just what problems quantum
computers can solve more efficiently than
classical computers is an open question.

Since their introduction in 1980 (1)
quantum computers have been investigated
extensively (2-29). A comprehensive re-
view can be found in (15). The best known
problem that quantum computers can in
principle solve more efficiently than classi-
cal computers is factoring (14). In this ar-
ticle I present another type of problem that
in principle quantum computers could solve
more efficiently than a classical computer-
that of simulating other quantum systems. In
1982, Feynman conjectured that quantum
computers might be able to simulate other
quantum systems more efficiently than clas-
sical computers (2). Quantum simulation is
thus the first classically difficult problem
posed for quantum computers. Here I show
that a quantum computer can in fact simu-
late quantum systems efficiently as long as
they evolve according to local interactions.

Feynman noted that simulating quan-
tum systems on classical computers is hard.
Over the past 50 years, a considerable
amount of effort has been devoted to such
simulation. Much information about a quan-
tum system's dynamics can be extracted
from semiclassical approximations (when
classical solutions are known), and ground
state properties and correlation functions

can be extracted with Monte Carlo methods
(30-32). Such methods use amounts of
computer time and memory space that grow
as polynomial functions of the size of the
quantum system of interest (where size is
measured by the number of variables-par-
ticles or lattice sites, for example-required
to characterize the system). Problems that
can be solved by methods that use polyno-
mial amounts of computational resources are
commonly called tractable; problems that
can only be solved by methods that use
exponential amounts of resources are com-
monly called intractable. Feynman pointed
out that the problem of simulating the full
time evolution of arbitrary quantum systems
on a classical computer is intractable: The
states of a quantum system are wave func-
tions that lie in a vector space whose dimen-
sion grows exponentially with the size of the
system. As a result, it is an exponentially
difficult problem merely to record the state
of a quantum system, let alone integrate its
equations of motion. For example, to record
the state of 40 spin-/2 particles in a classical
computer's memory requires 240 1012
numbers, whereas to calculate their time
evolution requires the exponentiation of a
240 X 240 matrix with 1024 entries. Feyn-
man asked whether it might be possible to
bypass this exponential explosion by having
one quantum system simulate another di-
rectly, so that the states of the simulator
obey the same equations of motion as the
states of the simulated system. Feynman
gave simple examples of one quantum sys-
tem simulating another and conjectured
that there existed a class of universal quan-
tum simulators capable of simulating any
quantum system that evolved according to
local interactions.

The answer to Feynman's question is,
yes. I will show that a variety of quantum
systems, including quantum computers, can
be "programmed" to simulate the behavior
of arbitrary quantum systems whose dynam-
ics are determined by local interactions.
The programming is accomplished by in-
ducing interactions between the variables
of the simulator that imitate the interac-
tions between the variables of the system to
be simulated. In effect, the dynamics of the
properly programmed simulator and the dy-
namics of the system to be simulated are
one and the same to within any desired
accuracy. So, to simulate the time evolution
of 40 spin-l/2 particles over time t requires a
simulator with 40 quantum bits evolving
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08 NE95_putative_insert.fasta
>Concatenated_sequences Concatenation of 2 sequences
CAAGAATTCATGGAATTAAGGATAAAAAAGAATTGGATAAGATTGTTGAGTGGGCTTTAAAGAAAGCGGCTTTGTGGGAT
GAGGTTAAAGATGAACTGCATAAAAACGCTCTATCTCTCTCTGGAGGACAACAGCAGAGGTTATGTATAGCGAGAGCGAT
AGCGGTTAAGCCAGAGGTTTTATTGACGGATGAACCAACATCTGCCTTAGACCCTATCTCCACATTAAAGATAGAGGAGT
TAATGGTTGAGTTAGCTAAAGATTATACGATTGTTGTTGTTACCCACAACATGCAGCAGGCAAGTAGGGTTTCTGATTAC
ACTGCCTTTTTCTTAATGGGGAAATTAATTGAGTTTGGAGAGACAGAGCAGATATTCCTAAATCCACAGAAGAAGGAGAC
AGATGACTACATTAGTGGTAGGTTTGGTTAAGTATCATGCTAGCTTTTCAATTCAATTCATCATTTTTTTTTTATTCTTT
TTTTTGATTTCGGTTTCTTTGAAATTTTTTTGATTCGGTAATCTCCGAACAGAAGGAAGAACGAAGGAAGGAGCACAGAC
TTAGATTGGTATATATACGCATATGTAGTGTTGAAGAAACATGAAATTGCCCAGTATTCTTAACCCAACTGCACAGAACA
AAAACCTGCAGGAAACGAAGATAAATCATGTCGAAAGCTACATATAAGGAACGTGCTGCTACTCATCCTAGTCCTGTTGC
TGCCAAGCTATTTAATATCATGCACGAAAAGCAAACAAACTTGTGTGCTTCATTGGATGTTCGTACCACCAAGGAATTAC
TGGAGTTAGTTGAAGCATTAGGTCCCAAAATTTGTTTACTAAAAACACATGTGGATATCTTGACTGATTTTTCCATGGAG
GGCACAGTTAAGCCGCTAAAGGCATTATCCGCCAAGTACAATTTTTTACTCTTCGAAGACAGAAAATTTGCTGACATTGG
TAATACAGTCAAATTGCAGTACTCTGCGGGTGTATACAGAATAGCAGAATGGGCAGACATTACGAATGCACACGGTGTGG
TGGGCCCAGGTATTGTTAGCGGTTTGAAGCAGGCGGCAGAAGAAGTAACAAAGGAACCTAGAGGCCTTTTGATGTTAGCA
GAATTGTCATGCAAGGGCTCCCTATCTACTGGAGAATATACTAAGGGTACTGTTGACATTGCGAAGAGCGACAAAGATTT
TGTTATCGGCTTTATTGCTCAAAGAGACATGGGTGGAAGAGATGAAGGTTACGATTGGTTGATTATGACACCCGGTGTGG
GTTTAGATGACAAGGGAGACGCATTGGGTCAACAGTATAGAACCGTGGATGATGTGGTCTCTACAGGATCTGACATTATT
ATTGTTGGAAGAGGACTATTTGCAAAGGGAAGGGATGCTAAGGTAGAGGGTGAACGTTACAGAAAAGCAGGCTGGGAAGC
ATATTTGAGAAGATGCGGCCAGCAAAACTAAAAAACTGTATTATAAGTAAATGCATGTATACTAAACTCACAAATTAGAG
CTTCAATTTAATTATATCAGTTATTACCC
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09 ERCC‐blast‐results.txt
BLASTN 2.8.0+
Reference: Zheng Zhang, Scott Schwartz, Lukas Wagner, and
Webb Miller (2000), "A greedy algorithm for aligning DNA
sequences", J Comput Biol 2000; 7(1‐2):203‐14.

Reference for database indexing: Aleksandr Morgulis, George
Coulouris, Yan Raytselis, Thomas L. Madden, Richa Agarwala,
Alejandro A. Schaffer (2008), "Database Indexing for
Production MegaBLAST Searches", Bioinformatics 24:1757‐1764.

RID: HNC4ZBCT015

Database: Nucleotide collection (nt)
           48,103,425 sequences; 181,249,278,927 total letters
Query= ERCC‐00095_Plasmid_PCR_Product Concatenation of 2 sequences

Length=499

                                                                   Score     E
Sequences producing significant alignments:                       (Bits)  Value

KC702204.1  Synthetic construct external RNA control ERCC‐0009...  922     0.0   
DQ516759.1  Methanocaldococcus jannaschii spike‐in control MJ‐...  900     0.0   
L77117.1  Methanocaldococcus jannaschii DSM 2661, complete genome  900     0.0   
CP001787.1  Methanocaldococcus vulcanius M7, complete genome       702     0.0   
CP001696.1  Methanocaldococcus fervens AG86, complete genome       619     2e‐173
CP001901.1  Methanocaldococcus sp. FS406‐22, complete genome       582     3e‐162
CP009149.1  Methanocaldococcus bathoardescens strain JH146, co...  507     2e‐139

ALIGNMENTS
>KC702204.1 Synthetic construct external RNA control ERCC‐00095 sequence
Length=521

 Score = 922 bits (499),  Expect = 0.0
 Identities = 499/499 (100%), Gaps = 0/499 (0%)
 Strand=Plus/Plus

Query  1    TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  60
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  1    TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  60

Query  61   GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  120
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  61   GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  120
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Query  121  CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  180
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  121  CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  180

Query  181  AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  240
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  181  AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  240

Query  241  CAGATGTTGGTTCATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATAC  300
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  241  CAGATGTTGGTTCATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATAC  300

Query  301  ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAA  360
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  301  ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAA  360

Query  361  CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  420
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  361  CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  420

Query  421  TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  480
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  421  TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  480

Query  481  AAGGATTTGGTTTTGAAAT  499
            |||||||||||||||||||
Sbjct  481  AAGGATTTGGTTTTGAAAT  499

>DQ516759.1 Methanocaldococcus jannaschii spike‐in control MJ‐500‐42 genomic 
sequence
Length=500

 Score = 900 bits (487),  Expect = 0.0
 Identities = 496/500 (99%), Gaps = 1/500 (0%)
 Strand=Plus/Plus

Query  1    TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  60
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  1    TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  60

Query  61   GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  120
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  61   GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  120

Query  121  CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  180
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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Sbjct  121  CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  180

Query  181  AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  240
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  181  AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  240

Query  241  CAGATGTTGGTTCATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATAC  300
            ||||||||||||||||| |||||||||||||||||||||| |||||||||||||||||||
Sbjct  241  CAGATGTTGGTTCATCCATCAATAAAACCTCTGGCTTAACTGCTATCGCTCTCGCTATAC  300

Query  301  ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAA  360
            ||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||
Sbjct  301  ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAAAGCGTTTTTATGCAGTTCATCTTTAA  360

Query  361  CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  420
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  361  CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  420

Query  421  TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  480
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  421  TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  480

Query  481  AAGGATTTGG‐TTTTGAAAT  499
            |||||||||| |||||||||
Sbjct  481  AAGGATTTGGCTTTTGAAAT  500

>L77117.1 Methanocaldococcus jannaschii DSM 2661, complete genome
Length=1664970

 Score = 900 bits (487),  Expect = 0.0
 Identities = 496/500 (99%), Gaps = 1/500 (0%)
 Strand=Plus/Plus

Query  1       TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  60
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  941913  TTGATGATGATACTTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTG  941972

Query  61      GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  120
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  941973  GATTTAGGAATATCTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGG  942032

Query  121     CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  180
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  942033  CAGTGTAATCAGAAACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTAT  942092

Query  181     AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  240
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Page 3

YM95NC Attachment -- Page 55



09 ERCC‐blast‐results.txt
Sbjct  942093  AATCTTTAGCTAACTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGG  942152

Query  241     CAGATGTTGGTTCATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATAC  300
               ||||||||||||||||| |||||||||||||||||||||| |||||||||||||||||||
Sbjct  942153  CAGATGTTGGTTCATCCATCAATAAAACCTCTGGCTTAACTGCTATCGCTCTCGCTATAC  942212

Query  301     ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAA  360
               ||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||
Sbjct  942213  ATAACCTCTGCTGTTGTCCTCCAGAGAGAGATAAAGCGTTTTTATGCAGTTCATCTTTAA  942272

Query  361     CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  420
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  942273  CCTCATCCCACAAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTT  942332

Query  421     TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  480
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  942333  TATCCTTAATTCCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAA  942392

Query  481     AAGGATTTGG‐TTTTGAAAT  499
               |||||||||| |||||||||
Sbjct  942393  AAGGATTTGGCTTTTGAAAT  942412

>CP001787.1 Methanocaldococcus vulcanius M7, complete genome
Length=1746329

 Score = 702 bits (380),  Expect = 0.0
 Identities = 451/486 (93%), Gaps = 1/486 (0%)
 Strand=Plus/Minus

Query  14      TTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTGGATTTAGGAATAT  73
               |||||||||||||||||| ||||| |||||||||||||||||||||||||||||||||||
Sbjct  810978  TTAACCAAACCTACCACTGATGTAATCATCTGTCTCCTTCTTCTGTGGATTTAGGAATAT  810919

Query  74      CTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGGCAGTGTAATCAGA  133
               |||||| |||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  810918  CTGCTCCGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGGCAGTGTAATCAGA  810859

Query  134     AACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTATAATCTTTAGCTAA  193
               ||||||||||||||| ||||||||||||||||||||||| ||||||||||| || |||||
Sbjct  810858  AACCCTACTTGCCTGTTGCATGTTGTGGGTAACAACAACGATCGTATAATCCTTGGCTAA  810799

Query  194     CTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGGCAGATGTTGGTTC  253
               ||||||||||||||| ||||| ||||| || || ||||| ||||| ||||| ||||||||
Sbjct  810798  CTCAACCATTAACTCTTCTATTTTTAAGGTAGATATAGGATCTAATGCAGAAGTTGGTTC  810739

Query  254     ATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATACATAACCTCTGCTG  313
               |||| |||||||||||||||||||||| |||||||||||||| |||||||| ||||||||

Page 4

YM95NC Attachment -- Page 56



09 ERCC‐blast‐results.txt
Sbjct  810738  ATCCATCAATAAAACCTCTGGCTTAACTGCTATCGCTCTCGCGATACATAATCTCTGCTG  810679

Query  314     TTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAACCTCATCCCACAA  373
                || || ||||||||||||| |||||||||||||| ||||||||||||||||||||||||
Sbjct  810678  CTGCCCCCCAGAGAGAGATAAAGCGTTTTTATGCAATTCATCTTTAACCTCATCCCACAA  810619

Query  374     AGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTTTATCCTTAATTCC  433
                || ||||| ||||| ||||||||||||||||||||||||||||||||||||||||||||
Sbjct  810618  TGCAGCTTTTTTTAATGCCCACTCAACAATCTTATCCAATTCTTTTTTATCCTTAATTCC  810559

Query  434     ATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAAAAGGATTTGG‐TT  492
                || ||||||||||||||||||||||||||||| || |||||||||||||| || || ||
Sbjct  810558  GTGGATTCTTGGGCCAAATGCAACATTATCATATATACTCATAGCAAAAGGGTTGGGCTT  810499

Query  493     TTGAAA  498
               ||||||
Sbjct  810498  TTGAAA  810493

>CP001696.1 Methanocaldococcus fervens AG86, complete genome
Length=1485061

 Score = 619 bits (335),  Expect = 2e‐173
 Identities = 436/486 (90%), Gaps = 1/486 (0%)
 Strand=Plus/Minus

Query  14      TTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTGGATTTAGGAATAT  73
               ||||||||| ||||||||||| || ||||| |||||||||||||||||||||||||||||
Sbjct  852897  TTAACCAAATCTACCACTAATATAATCATCCGTCTCCTTCTTCTGTGGATTTAGGAATAT  852838

Query  74      CTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGGCAGTGTAATCAGA  133
               |||||| ||||||||||| ||||||||||||||||| |||||||||||||| ||||||||
Sbjct  852837  CTGCTCCGTCTCTCCAAATTCAATTAATTTCCCCATCAAGAAAAAGGCAGTATAATCAGA  852778

Query  134     AACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTATAATCTTTAGCTAA  193
               ||||||||| ||||| ||||||||||| ||||||||||| || ||||| || ||||||||
Sbjct  852777  AACCCTACTCGCCTGTTGCATGTTGTGAGTAACAACAACTATTGTATAGTCCTTAGCTAA  852718

Query  194     CTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGGCAGATGTTGGTTC  253
                |||||||| ||||||||||| ||||| || || ||||||||||| ||||| ||||||||
Sbjct  852717  TTCAACCATCAACTCCTCTATTTTTAAGGTAGATATAGGGTCTAATGCAGAGGTTGGTTC  852658

Query  254     ATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATACATAACCTCTGCTG  313
               |||| ||||||||||||| |||||||| ||||| || ||||||||||| |||||||||||
Sbjct  852657  ATCCATCAATAAAACCTCCGGCTTAACTGCTATTGCCCTCGCTATACACAACCTCTGCTG  852598

Query  314     TTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAACCTCATCCCACAA  373
                ||||| || || |  |||| |||||||||||| || |||||||||||||||||||||||
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Sbjct  852597  CTGTCCCCCTGATAACGATAAAGCGTTTTTATGAAGCTCATCTTTAACCTCATCCCACAA  852538

Query  374     AGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTTTATCCTTAATTCC  433
               ||||||||| |||||||||||||| |||||||||||||| || |||||||| ||||||||
Sbjct  852537  AGCCGCTTTTTTTAAAGCCCACTCGACAATCTTATCCAACTCCTTTTTATCTTTAATTCC  852478

Query  434     ATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAAAAGGATTTGG‐TT  492
                |||||||||||||| |||||||| |||||||| || ||||| |||||||||||||| ||
Sbjct  852477  GTGAATTCTTGGGCCGAATGCAACGTTATCATAAATACTCATTGCAAAAGGATTTGGCTT  852418

Query  493     TTGAAA  498
               ||||||
Sbjct  852417  TTGAAA  852412

>CP001901.1 Methanocaldococcus sp. FS406‐22, complete genome
Length=1760939

 Score = 582 bits (315),  Expect = 3e‐162
 Identities = 430/487 (88%), Gaps = 1/487 (0%)
 Strand=Plus/Plus

Query  14       TTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTGGATTTAGGAATAT  73
                ||||||||| |||||||| || || ||||| ||||||||||||||||| |||| ||||||
Sbjct  1577414  TTAACCAAATCTACCACTGATATAATCATCCGTCTCCTTCTTCTGTGGGTTTAAGAATAT  
1577473

Query  74       CTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGGCAGTGTAATCAGA  133
                ||||||||||||||||||||||||||| ||||||||||||||||| || |||||||| ||
Sbjct  1577474  CTGCTCTGTCTCTCCAAACTCAATTAACTTCCCCATTAAGAAAAATGCTGTGTAATCTGA  
1577533

Query  134      AACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTATAATCTTTAGCTAA  193
                ||| |||||||| ||||||||||| ||||||||||||||||| |||||||| ||||||||
Sbjct  1577534  AACTCTACTTGCTTGCTGCATGTTATGGGTAACAACAACAATTGTATAATCCTTAGCTAA  
1577593

Query  194      CTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGGCAGATGTTGGTTC  253
                 |||||||| || |||||||||||||  || || || |||||||||||||| ||||| ||
Sbjct  1577594  TTCAACCATCAATTCCTCTATCTTTAGGGTAGAAATTGGGTCTAAGGCAGAGGTTGGCTC  
1577653

Query  254      ATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATACATAACCTCTGCTG  313
                |||| | |||||||||||||| ||||| ||||| ||||| ||||| || || ||||| ||
Sbjct  1577654  ATCCATTAATAAAACCTCTGGTTTAACGGCTATGGCTCTTGCTATGCACAATCTCTGTTG  
1577713

Query  314      TTGTCCTCCAGAGAGAGATAGAGCGTTTTTATGCAGTTCATCTTTAACCTCATCCCACAA  373
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                ||| || ||||| |  |||| ||||||||| |||| |||||||||||| |||||||| ||
Sbjct  1577714  TTGCCCCCCAGATAATGATAAAGCGTTTTTGTGCAATTCATCTTTAACTTCATCCCATAA  
1577773

Query  374      AGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTTTATCCTTAATTCC  433
                ||||||||||||||| ||||| ||||| |||||||| |||||||||||||| || |||||
Sbjct  1577774  AGCCGCTTTCTTTAACGCCCATTCAACTATCTTATCTAATTCTTTTTTATCTTTGATTCC  
1577833

Query  434      ATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAAAAGGATTTGG‐TT  492
                 ||||||||||| ||||||||||||||||| || ||||||||||||||||||||||| ||
Sbjct  1577834  GTGAATTCTTGGACCAAATGCAACATTATCGTATATGCTCATAGCAAAAGGATTTGGCTT  
1577893

Query  493      TTGAAAT  499
                |||||||
Sbjct  1577894  TTGAAAT  1577900

>CP009149.1 Methanocaldococcus bathoardescens strain JH146, complete genome
Length=1607556

 Score = 507 bits (274),  Expect = 2e‐139
 Identities = 414/483 (86%), Gaps = 4/483 (1%)
 Strand=Plus/Minus

Query  14      TTAACCAAACCTACCACTAATGTAGTCATCTGTCTCCTTCTTCTGTGGATTTAGGAATAT  73
               ||||||||| ||||| ||||| ||||||||||| || ||  |||||||||||| ||||||
Sbjct  947269  TTAACCAAATCTACCGCTAATATAGTCATCTGTTTCTTTTCTCTGTGGATTTAAGAATAT  947210

Query  74      CTGCTCTGTCTCTCCAAACTCAATTAATTTCCCCATTAAGAAAAAGGCAGTGTAATCAGA  133
               ||||||||||||||||||||||||||| || |||||||||||||||||||||||||| ||
Sbjct  947209  CTGCTCTGTCTCTCCAAACTCAATTAACTTACCCATTAAGAAAAAGGCAGTGTAATCTGA  947150

Query  134     AACCCTACTTGCCTGCTGCATGTTGTGGGTAACAACAACAATCGTATAATCTTTAGCTAA  193
                ||||||||||| ||||||||||||||||||||||||||||| |||||||| ||||||||
Sbjct  947149  GACCCTACTTGCTTGCTGCATGTTGTGGGTAACAACAACAATTGTATAATCCTTAGCTAA  947090

Query  194     CTCAACCATTAACTCCTCTATCTTTAATGTGGAGATAGGGTCTAAGGCAGATGTTGGTTC  253
                |||||||| |||||||||||||| ||||| || || |||||||||||||||||||||||
Sbjct  947089  TTCAACCATCAACTCCTCTATCTTCAATGTTGATATTGGGTCTAAGGCAGATGTTGGTTC  947030

Query  254     ATCCGTCAATAAAACCTCTGGCTTAACCGCTATCGCTCTCGCTATACATAACCTCTGCTG  313
               |||| |||| |  || ||||| || |||||||| | ||| ||||| || |||||||||||
Sbjct  947029  ATCCATCAAAATTACTTCTGGTTTCACCGCTATAGTTCTTGCTATGCACAACCTCTGCTG  946970

Query  314     TTGTCCTCCAGAGAGAGAT‐AGAGCGTTTTTATGCA‐GTTCATCTTTAACCTCATCCCAC  371
                || || ||||| | || | | |||   |||||  | |||  |||||||| |||||||| 
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Sbjct  946969  CTGCCCACCAGATA‐AGCTTAAAGCTGATTTATCTAAGTTG‐TCTTTAACTTCATCCCAA  946912

Query  372     AAAGCCGCTTTCTTTAAAGCCCACTCAACAATCTTATCCAATTCTTTTTTATCCTTAATT  431
               | ||| ||||| |||| |||||| | ||||||||||||||||||||||||||| ||||||
Sbjct  946911  AGAGCAGCTTTTTTTAGAGCCCATTTAACAATCTTATCCAATTCTTTTTTATCTTTAATT  946852

Query  432     CCATGAATTCTTGGGCCAAATGCAACATTATCATAGATGCTCATAGCAAAAGGATTTGGT  491
               || ||||||||||||||  | || ||||||||||| || ||||| | ||| || ||||||
Sbjct  946851  CCGTGAATTCTTGGGCCGTAAGCTACATTATCATAAATACTCATTGGAAATGGGTTTGGT  946792

Query  492     TTT  494
               |||
Sbjct  946791  TTT  946789

  Database: Nucleotide collection (nt)
    Posted date:  Jun 5, 2018  11:03 PM
  Number of letters in database: 181,249,278,927
  Number of sequences in database:  48,103,425

Lambda      K        H
    1.33    0.621     1.12 
Gapped
Lambda      K        H
    1.28    0.460    0.850 
Matrix: blastn matrix:1 ‐2
Gap Penalties: Existence: 0, Extension: 0
Number of Sequences: 48103425
Number of Hits to DB: 0
Number of extensions: 0
Number of successful extensions: 0
Number of sequences better than 10: 0
Number of HSP's better than 10 without gapping: 0
Number of HSP's gapped: 0
Number of HSP's successfully gapped: 0
Length of query: 499
Length of database: 181249278927
Length adjustment: 34
Effective length of query: 465
Effective length of database: 179613762477
Effective search space: 83520399551805
Effective search space used: 83520399551805
A: 0
X1: 13 (25.0 bits)
X2: 32 (59.1 bits)
X3: 54 (99.7 bits)
S1: 13 (25.1 bits)
S2: 23 (43.6 bits)
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Abstract  The organization of the phosphate-specific 
transport (pst) operon in Pseudomonas aeruginosa has 
been determined. The gene order of the pst operon is 
pstC, pstA, pstB, phoU, and a well-conserved Pho box 
sequence (16/18 bases identical) exists in the promoter 
region. The most striking difference from the known 
Escherichia coli pst operon is the lack of the pstS gene 
encoding a periplasmic phosphate (Pi)-binding protein. 
Even though the three pst genes were absolutely re- 
quired for Prspecific transport, expression of the pst 
operon at high levels did not increase Pi uptake in 
P. aeruginosa. DNA sequences for the pstB and phoU 
genes have been determined previously. The newly 
identified pstC and pstA genes encode possible integral 
membrane proteins of 677 amino acids (Mr 73 844) and 
513 amino acids (Mr 56 394), respectively. The amino 
acid sequences of PstC and PstA predict that these 
proteins contain a long hydrophilic domain not seen in 
their E. coti counterparts. A chromosomal deletion of 
the entire pst operon rendered P. aeruginosa unable to 
repress P~ taxis under conditions of Pi  excess .  The phoU 
and pstB genes are essential for repressing P~ taxis. 
However, mutants lacking either PstC or PstA alone 
were able to repress P~ taxis under conditions of Pi 
excess. 
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Phosphate transport " Pseudomonas aeruginosa 
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Introduction 

To cope with phosphate (P~) limitation, bacteria have 
evolved complex regulatory systems to assimilate Pi 
very efficiently (Wanner 1987). In Pseudomonas 
aeruginosa, P~ limitation results in the synthesis of sev- 
eral proteins, including alkaline phosphatase (AP), an 
outer membrane protein P, as well as a hemolytic and 
a nonhemolytic phospholipase C (Ostroff and Vasit 
1987; Hancock et al. 1990). Several lines of evidence 
indicate that P. aeruginosa possesses a Pi-specific trans- 
port (Pst) system which is derepressed by P~ limitation 
(Poole and Hancock 1984). Pi transport in 
P. aeruginosa occurs with biphasic kinetics, suggesting 
the involvement both of a high-affinity (genes pst) and 
low-affinity (genes pit) component. A periplasmic P~- 
binding protein has been purified to apparent homo- 
geneity from the shock fluids of Pi-starved cells. In 
addition, P. aeruginosa mutants lacking the Pi-binding 
protein were shown to be deficient in high-affinity P~ 
transport (Poole and Hancock 1984); however, the P. 
aeruginosa pst gene have not been identified. 

Under conditions of P~ limitation, P. aeruginosa 
shows chemotactic responses towards P~ (Kato et al. 
1992). It has been suggested that Pi taxis may have an 
important role in scavenging Pi under conditions of Pi 
limitation. To date, there have not been any reports of 
P~ taxis in a bacterial species other than P. aeruginosa, 
and the regulation of bacterial Pi taxis has not yet been 
characterized. Recently, we showed that regulation of 
Pi taxis is not dependent on the phoB and phoR gene 
products but requires the phoU gene (Kato et al. 1994). 
In the course of a cloning project to uncover genes 
involved in the regulation of P~ taxis, we discovered three 
P. aeruginosa pst genes located immediately upstream of 
the phoU gene. In the present report, we describe the 
organization of the P. aeruginosa pst operon and provide 
evidence that the pst gene products are required for 
repressing Pi taxis under conditions of P~ excess. 
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Table 1 Bacterial strains and plasmids 

Strain/ Relevant characteristics Reference/source 
plasmid 

693 

Escherichia coil 
MVl184 ara-14 A(lac-proAB) rpsL thi-J (@80 lacZAM15)A(srt-recA) 306:: TnJO 

F' [traD36 proAB + lacI qIacZkM t 5] 

Pseudomonas aeruginosa 
PAO1 
PHOB1 

Plasmids 
pUC119 
pUC4K 
pCP19 
pPT06.1 
pMMB66EH 
pQF50 
pEP02.2 
pMC1871 

Prototroph 
PAO1 derivative, phoB:: Km r 

Cloning vector; Ap r, lacPOZ' 
pUC4 containing 1.3 kb Km r cartridge; Ap r, Km r 
Broad-host range cosmid; Tc r, IncP 
pCP19 harboring P. aeruginosa pst operon; Tc r 
Broad-host range vector; Cb ~, Ptac, lacI q, InQ 
Broad-host range transcriptional fusion vector, Cb r, lacZ, IncP 
pSTV28 harboring E. coli pst operon fused with tac promoter; Cm ~, Ptac-pst operon 
pBR322 derivative; source of truncated IacZ gene for translational fusion; Tc ~ 

Vieira and Messing (1987) 

Holloway et al. (1977) 
Kato et al. (1994) 

Vieira and Messing (1987) 
Pharmacia, Uppsala, Sweden 
Goldberg and Ohman (1987) 
Kato et al. (1994) 
Furste et al. (1986) 
Farinha and Kropinski (1990) 
Kato et al. (1993) 
Pharmacia, Uppsala, Sweden 

Materials and methods 

Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 1. 
P. aeruginosa and Escherichia coil strains were grown at 37 ° C with 
shaking in 2 x YT medium (Sambrook et al, 1989) supplemented 
with the appropriate antibiotics. P. aeruginosa cells were also grown 
at 37°C with shaking in "I"5 minimal medium (Kato et al. 1992) 
containing 5 mM potassium phosphate. For Pi limitation condi- 
tions, cells grown overnight in 2 x YT medium were inoculated into 
To medium (final inoculum dilution 1.25%), which was prepared by 
omitting potassium phosphate fi'om T5 medium, and incubated at 
37°C with shaking. 

Ptasmid construction 

The construction of plasmid pPT06.1 (Fig. 1A), which contains the 
entire pst operon, was described previously (Kato et al. 1994). 
BamHI-EcoRI (2.9 kb), EcoRI-BgIII (3.3 kb), and BamHI-BgIII 
(6.2 kb) fragments were excised from pPT06.1 and subcloned into 
pCP19 (Goldberg and Ohman 1987) to construct pPT06.2, pPT06.5, 
and pPT06.10, respectively. To construct respectively pPT06.15 and 
pPT06.16, plasmid pPT06.1 was digested with either NotI or EcoRI, 
treated with the Klenow fragment of DNA polymerase and religated 
to itself. Ptasmid pPT06.1 was digested with MroI and self-ligated to 
construct pPT06.18. A 6.2 kb BamHI-BgIII fragment from plasmid 
pPT06.1 was inserted downstream of the tac promoter of 
pMMB66EH (Furste et al. 1986) to construct pPT06.20. To con- 
struct plasmid pPT06.32, pPT06.1 was digested withNotI and relig- 
ated to itself. 

pPT06.21 and pPT06.22 are phoU-lacZ transcriptional fusions 
(Fig. 4A). They were constructed by cloning the 5.6 kb BamHI-XhoI 
and the 4.8 kb BalI-XhoI fragment of pPT06.1 in front of the 
promoterless IacZ gene of vector pQF50 (Farinha and Kropinski 
1990), respectively. Plasmid pPT06.23 was constructed by cloning 
the 6.2 kb BamHI-BglII fragment carrying the entire pst operon into 
BamHI-digested pQF50. Plasmid pQF1871 was a derivative of 
pQF50 which contains the 'IacZ gene from pMC1871 (Pharmacia). 
To prepare pstC-lacZ and pstA-lacZ translational fusions, a 1.2 kb 

A 

pPY06.1 

pPT06.2 g 

pPT06.5 

pPT06.t0 

pPr06.15 (z~stC),, B 

pPTO6.16(kpstA) B 

pFFO6.I8(kpstB) B 
B 

pPT06.20 IP'~ 

pPI06.32 (t~pstCA) ~3 

B Sa 
I ' 

N 
i 

pstC 

E N M M XBg 
i i ! I 

pstA pstB phoU 
E, 
E, ,Bg 

.... Bg 

I kb, 

B 
1 

AN T B 
A z B 

..... M ........ M B 
B,g 

N ..................... N ,B 

B 

sa ........................ U G v - ]  .......................... x B 

PAO1 genome 

Fig. 1 Restriction maps ofA pPT06.1, containing the 7.4 kb BamHI 
fragment from the Pseudomonas aeruginosa PAO1 chromosomal 
DNA, and subclones of pPT06.1 and B the pst operon region of 
P. aeruginosa strain NT1 chromosomal DNA. The locations and 
orientations of the pstC, pstA, pstB, and phoU genes are shown by 
horizontal arrows below the map of pPT06.1. Dashed lines indicate 
DNA fragments deleted from the 7.4 kb BamHI insert of pPT06.1. 
Arrowhead shows the site and direction of the tac promoter, and 
inverted triangles the NotI and EcoRI sites destroyed to make 
frameshift mutations. Restriction sites abbreviations: B, BamHI; Bg, 
BgIII; E, EcoRI; M, MroI; N, NotI; Sa, Sau3AI; X, XhoI 

BamHI-PvuII fragment and a 2.9 kb BamHI-EcoRI fragment was 
exdsed from pPT06A and inserted immediately upstream of the 
'IaeZ gene in pQF1871; the resulting plasmids were designated 
pPT06.24 and pPT06.25, respectively (Fig. 4B). 
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Disruption of the chromosomal pst operon 

The 7.4 kb BamHI fragment was excised from pPT06.1 and sub- 
cloned into pUCll9 to construct pPT06.14. Plasmid pPT06.14 
partially digested with Sau3AI and XhoI was ligated with a BamHI 
and SaII-flanked kanamycin resistance (Km r) gene cassette from 
pUC4K (Pharmacia). The resulting plasmid was introduced into 
P. aeruginosa PAO1 by electroporation, and Km r transformants 
were selected on 2 x YT medium containing kanamycin. The disrup- 
tion of the chromosomal pst operon was confirmed by Southern 
hybridization (Sambrook et al. 1989). 

Immunoblotting 

Cells grown overnight in either To or T5 medium were harvested by 
centrifugation, resuspended in lysis buffer (Lanka and Barth 1981) 
and boiled for 5 min. Lysates were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on an 8% 
acrylamide gel, transferred to a polyvinylidene difluoride membrane, 
and probed with mouse anti-fl-galactosidase monoclonal antibody 
(Boehringer Mannheim). The secondary and the ternary antibodies 
used were sheep anti-mouse Ig F(ab')z fragment conjugated with 
digoxigenin (Boehringer Mannheim) and sheep anti-digoxigenin 
Fab fragment conjugated with alkaline phosphatase (Boehringer 
Mannheim), respectively. Disodium 3-(4-methoxyspiro {1,2- 
dioxetane-3,2'-(5'-chloro) tricyclo [3,3,1,1,3,7] decan}-4-yl) phenyl 
phosphate (Tropix, Bedford, Mass., USA) was used as 
a chemiluminescent substrate for alkaline phosphatase, and 
protein bands were visualized by exposure to RX film (Fuji, Tokyo, 
Japan). 

Chemotaxis and enzyme assays 

Chemotaxis assays were carried out by using the computer-assisted 
capillary method as described previously (Nikata et al. 1992). 
Digital image processing was used to count the number of 
bacteria accumulating around the mouth of a capillary tube 
containing a known concentration of Pi plus 1% agarose. The 
response of bacteria was dependent on the concentration of Pi 
in the capillary tube (Kato et al. 1992). Since the concentration- 
response curve showed a peak at 5-10 mM Pi, the chemotaxis 
assays were subsequently performed at a concentration of 
10 mM Pi. The chemotaxis buffer used in the assay was 10 mM 
HEPES buffer (pH 7.0). Alkaline phosphatase (AP) activity was 
measured as previously described (Kato et al. 1992). One Unit 
of enzyme activity was defined as the amount of enzyme 
which liberated 1 nmol of p-nitrophenol per min. ]~-Galactosidase 
activities of cells were determined as described by Miller (1972) 
with the modification that the enzymatic reaction was carried out 
at 37 ° C. 

Measurement of P~ transport 

The procedure for measuring Pi transport was essentially as de- 
scribed previously (Poole and Hancock 1984). The assay was started 
by the addition of radioactively labeled phosphate (32p~) to a final 
concentration of 2.5 gM, and the amount of 32p~ incorporated into 
the bacterial cells was measured with a liquid scintillation spectro- 
meter (Packard). 

Results and discussion 

DNA sequence analysis 

The nucleotide sequence of the 2.9 kb BamHI-EcoRI 
region of pPT06.2 was determined (Fig. 2). Since the 
3.2 kb EcoRI-BgIII region of pPT06.1 was determined 
previously (Kato et al. 1994), the complete nucleotide 
sequence of the 6.2kb BamHI-BglII fragment of 
pPT06.1 has now been determined. The pstC gene 
contained a putative ATG start codon at nucleotide 
positions 553-555 and a stop codon at positions 
2584-2586. The predicted gene product of pstC was 
composed of 677 amino acid residues (Mr 73 844). The 
pstA gene of 1539 bp started at positions 2666-2668, 
and a 79-bp intercistronic DNA region was located 
between the end of pstC and the proposed initiator 
codon for pstA. The pstA gene could code for a protein 
of 513 amino acid residues having a calculated Mr 
of 56 349. 

PstC and PstA were predicted to be membrane poty- 
peptides with potential membrane-spanning segments. 
These proposed membrane domains were located in 
the C-terminal half of the proteins (Fig. 3). PstC and 
PstA were also predicted to be approximately twofold 
larger than known E. coti PstC (319 amino acid resi- 
dues) and PstA (296 amino acid residues), respectively. 
PstC and PstA appeared to have a long hydrophilic 
domain, which was not seen with the E. coli counter- 
parts, in the N-terminal half of the proteins. Only 
sparse similarity with the E. coli counterparts was de- 
tected in the C-terminal half of the PstC (20% identical 
residues) and PstA (23% identical residues) proteins 
(Fig. 3). 

Transcriptional and translational fusion studies 

A putative Pho box was found at positions 259-276 
(Fig. 2). There was a 16/18 bp match with the consensus 
Pho box sequence (Siehnel et al. 1988; Anba et al. 1990). 
To study the expression of the pst operon, we first 
constructed transcriptional fusions between fragments 
of the pst operon and the promoterless IacZ gene using 
vector pQF50 (Fig. 4A). P. aeruginosa PAO1 and 
PHOB1 ( P h o B )  were then transformed with the re- 
sulting plasmids, and the /~-gatactosidase levels were 
measured in the transformants grown under conditions 
of either Pi excess or Pi limitation. The enzyme levels in 
PAO1 (pPT06.21) increased approximately 25-fold 
under conditions of Pi limitation, whereas they were 
not elevated in PHOBI(pPT06.21) (data not shown). 
PAO1 carrying pPT06.22, which lacks the Pho box 
sequence, only showed the background enzyme activ- 
ity. When the promoterless tacZ gene was placed 
at the BgIII site downstream of phoU in pPT06.23, 
the ]%galactosidase levels were not elevated under 
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BamHI 

GGATCCGCTGGAGGCTCAGTTCCTCAAGCTGGTTCTGTCCAAGACCGGCCAGCAGGTCGT 60 

GGTCAAGGACGGCTACATCCCGCTGCCGGCCAAGGTGGCCGAGAAGGCGATCAAGGAACT 120 

GGGCCTGTAATCCAGTGACTTGAGCGGATGGCCCAGCGATGGGCCGTCCAGC4~ATGAAGG 180 

CTCTGCCGGCGGGCGCTAGGACCCGCCGGCCTTTCCCGCCAGCGAGGCTCTC-C TGGCGGG 240 

Pho box -I0 

CTTTGTTGCGTCATGTT~CTGTCATCTGTCTGTCA~ACAGAGCCTTTAGGGTGT CACCCC 300 

Bali 
ATGAACGACATGGCCAACTCCCCGATGAACTCCTCCCTTGCTCCCGAGCGGATTGACTTC 360 

AATACGCCAGCCCTGCAACC-CAAGCGCCC-CATCCGTGCCCTCAAGGACCGCCTGACCCGC 420 

TGGTACGTGCTGGTCGGCGGCCTGGCCGTGCTGGCGGCGATCACCCTGATCTTCTTCTAC 480 

CTGGCCTACGTCGTGCTC C CGCTGTTCCGCGC-CGCCGACCTGGAGACCCGCGAAGCC-C TG 540 

ACTCCGGC CTGGATGCAGCAGGCGCAGGTGCCCCTGCTGCTCAGCATCGAGGAGCAGAAC 600 

pstC M Q Q A Q V P L L L S I E E Q N 16 

Sau3AI 

CAGGTGGGCATGCGCGTTGGCGGCCAGGGCGAGATCCTCTTCTTCAACGCCAAGACCGGT 660 

Q V G M R V G G Q G E I L F F N A K T G 36 

GTCGAACTGAAGCGTGTCGCTCTGCCGCTTCCGGC GGGCAGC GAGATCCGCTCGATCGC C 720 

V E L K R V A L P L P A G S E I R S I A 56 

CAGGACCAGCCGGGCAGCCCGACGGTCGCCCTGGGCCTGTCCAACGGACAGC~GCTGGTG 780 

Q D Q P G S P T V A L G L S N G Q V L V 76 

TTCCAGCACACCTACAAGGTCACCTACCCGGACAACAAGAAGACCATCACCCCGGAGATC 840 

F Q H T Y K V T Y P D N K K T I T P E I 96 

GCCTTCCCCTACGGCGAGACCC CGATCGGTC~GATCCGCAGGGCCGCCCGCTGGAGCAT 900 

A F P Y G E T P I G L D P Q G R P L E H 116 

C~GAGCATCAATGCCGGC GACGACAGC CTGCTGCTGGCTGC-CTCCGTCGACAAGCAACTG 960 

V S I N A G D D S L L L A G S V D K Q L 136 

CTGCTGTTGAGCATGACTCGCGAAGAGAACATGCTGACCGGCGAAAGCACGCTGGACGAG 1020 

L L L S M T R E E N M L T G E S T L D E 156 

GAGCC-CATCGAACTC CCGCAGATCGC CGAACC GGTGAAAGCCATCTACCTC GACCCGCGC 1080 

E R I E L P Q I A E P V K A I Y L D P R 176 

AAGCAGTGGCTGTACGTGATCAACGGACGTGCCACCGCCGATGTGTTTGACCTGCACAGC 1140 

K Q W L Y V I N G R A T A D V F D L H S 196 

CGCCAGTTGAACGGTCGCTACAAGCTGCTGGAAGACCCCAACGCCGAGGTCACC GCGAGC 1200 

R Q L N G R Y K L L E D P N A E V T A S 216 

ACCCAGCTGCT~GGCATCTC GCT GCTGGTGGGCGATTCCAAGGGTGGCATCGCCCAG 1260 

T Q L L G G I S L L V G D S K G G I A Q 236 

TGGTTCATGGCTCGCGATACCGACGGCGAACCGCGCCTGTC GCACGTTCGCGACTTCAAC 1320 

W F M A R D T D G E P R L S H v R D F N 256 

CTGGATC-GCGCGCCGATCAGCGCCATCGCTCCGGAAC/%ACGGCGCAAGGGCTTCATCGCC 1380 

L D G A P I S A I A P E Q R R K G F I A 276 

CTGGACGAGAAGGGCAACCTCGGCGTCTTCCACAGCACC GCGCACCGTACCC TGCT GGTC 1440 

L D E K G N L G V F H S T A H R T L L V 296 

CAGCCGGTCGCCGACTCTTCCGGGGTCATCACCCTGTCGCCGCGGGCCAACCGC CTGCTG 1500 

Q P V A D S S G V I T L S P R A N R L L 316 

CTGGAGCAGGGTGGCAAGATCCACCGCTTCGC CCTGAGCAACCCGCACCC~TCTCC 1560 

L E Q G G K ! H R F A L S N P H P E I S 336 

TGGAGCGCGCTCTGGC~AAGGTCT GGTACGAGAGCTACGACAAGC CGGCCTACGTC TGG 1620 

W S A L W G K V W Y E S Y D K P A Y V W 356 

CAGT CCACCC-C CGCGACCACCGACTTCGAACCGAAGCTGAGCCTCTCGCCGCTGACCTTC 1680 

Q S T A A T T D F E P K L S L S P L T F 376 

NotI 

C-GCACGCTCAAGGC CGCCTTCTACGCGATGATCCTGGCAGCTCCGCTGGCCATCGCGGCC 1740 

G T L K A A F Y A M I 7, A A P L A I A A 396 

~CGTCTACACC~CTATTTCAT~CTCC~GATGCGCCGC~GGTC~GCC~T~TC 1800 

A V Y T A Y F M A P A M R R K V K P V I  416 

GAGCTGATGGAG~TGCCGAC~TGATCCTC~TTCTTC~CG~CTGTTCCTGGCG 1860 

E L M E A L P T V I L G F F A G L F L A  436 

CCCTACGTCG~CACCTGCCGGGGGT~TCAGCCTGCTGTTGCT~CGCCGCT~GC 1920 

P Y V E G H L P G V F S L L L L T P L G  456 

ATCCTTCTC~CGGCCT~TG~GCCGCCT~CCGA~ATCC~CT~CT~CG 1980 

I L L A G L L W S R L P E R I R L S L P  476 

~C~CTG~C~GCTGCT~TCCC~T~T~TC~CGTCGGCGCCTTC~CCTG2040 

A G W E A A L L I P V V L A V G A F A L  486 

TGGCTGAGCCC~ACCT~A~CCACCTTCTTCG~GACAT~GCCTCTGGCTGAGC 2100 

W L S P H L E T T F F G G D M R L W L S  516 

CAC~CCTGC4~CATCACCTACGACCAGCG~T~CCTGATCGTC~T~C~T~ 2160 

H D L G I T Y D Q R N A L I V G L A M G  536 

TTCGCGGTGATCCC~TATCTTCTC~TCGCCGAGGACGCCATCTT~GT~C~ 2220 

F A V I P N I F S I A E D A I F S V P R  556 

AGCCTCACCTAC~CTCCCTG~CCT~GCCACGCCCT~CAGACGCTGACCCGCGTG 2280 

S L T Y G S L A L G A T P W Q T L T R V  576 

~TCCTGACC~CAGTCCA~CATCTTCTC~GCTGATGATC~ATGGGCCGC~C 2340 

V I L T A S P G I F S A L M I G M G R A  596 

GTC~GA~CCAT~TCGT~TGATGGC~CCGGC~TACCCCGGTGAT~GT~T 2400 

V G E T M I V L M A T G N T P V M E V N  616 

ATCTTCGAGG~ATGC~ACCCT~C~CC~CGTCGCGGT~AGATGCCCGAGTC~AG 2460 

I F E G M R T L A A N V A V E M P E S E  636 

GTGGGC~GCCACTACC~GT~T~TCCTCTC~GCT~AeTGCTGACGTTCACC 2520 

V G G S H Y R V L F L S A L V L L T F T  656 

TTCGTGAT~CACCCTGGCAGAGCTGATCCGTCAGCGTCT~G~GAAATAC~GTCG 2580 

F V M N T L A E L I R Q R L R K K Y A S  676 

TTGT~G~A~TATAGCTCTGTGAAACAGAAACA~CCGTCAAAGCCT~TT 2640 

L *** 677 

CG~A~G~CCT~TGTGGATG~CGCC~TGTCGA~T~TCAT 2700 

ps~ M N A G A V S I A V I M  12 

~CCATCGGCCT~T~CGGTGATC~TAC~CTC~CACTTCT~CGGCG~ 2760 

T I G L L A V I A V R G L G H F W P A N  32 

CGTCATCGA~CTTACCAGATCCCT~CG~GCCGCC~GACCGTGATCGGCGAGGT 2820 

V I E A T Y Q I P G E A A K T V I G E V  52 

G~CCA~CCGA~GTGCC~GCAC~CT~GCA~GCC~AT~C~CCC~A 2880 

V Q A E E V P R T R L R S A G M P V P E  72 

EcoRI 

~C~CCCG~TTC 2896 

A G P E F 77 

Fig. 2 DNA nudeotide and amino acid sequences of the 2.9 kb 
BamHI-EcoRI region of pPT06.2. Nucleotide (upper) and amino 
acid (below) numbering starts at the BamHI site and at each putative 
ATG start codon respectively. Amino acids deduced ~om the nu- 
deofide sequence are specified by standard one-letter abbre~afions. 
Putative ribosome-binding sims am ~ubte-underlined. Relevant re- 
striction sites are located above the sequence. Asterisks indicate the 
pstC stop codon. The putative pho box sequence is boxed. The 
sequence of the 2.9 kb BamHI-EcoRI ~agment will appear in the 
GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases 
under accession number D45195 

Pi limitation. These results are consistent with the con- 
clusion that the pstCAB and phoU genes constitute an 
operon. 

The pstC-lacZ and pstA-lacZ translational fusions 
were then constructed to confirm the expression of pstC 
and pstA by Western blot analysis (Fig. 4B). In plasmid 
pPT06.24, the Y-terminal 654 bp of the pstC gene was 
fused to the 'lacZ gene from pMC1871 (Pharmacia). 

Upon SDS-PAGE, pstC-IacZ and pstA-lacZ fusion 
proteins showed apparent molecular masses of approx. 
145 and 121 kDa, respectively. These molecular masses 
observed with SDS-PAGE are consistent with the cal- 
culated masses of the pstC-lacZ and pstA-lacZ fusion 
proteins. 

Plasmid pPT06.25 contained the 5'-terminal 231 bp of P~ uptake assays 
pstA fused to 'lacZ. The calculated masses of the pstC- 
lacZ and pstA-lacZ fusion products are approximately The entire pstC-phoU region was deleted from the 
140 and 124 kDa, respectively. P. aeruginosa PAO1 
was transformed with either pPT06.24 or pPT06.25 
and then grown under conditions of Pi excess or Pi 
limitation. Western blot analysis showed that both 
pstC-lacZ and pstA-lacZ fusion proteins were ex- 
pressed under conditions of Pi limitation (Fig. 4C), 

P. aeruginosa PAO1 chromosome by homologous re- 
combination. The resulting mutant, designated NT1 
(Fig. 1B), and the parental strain PAO1 were examined 
for their ability to take up Pi. NT1 failed to express the 
highly specific Pi transport system even under Pi limita- 
tion (Fig. 5A). To investigate the effects of each pst gene 
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Fig. 3 Amino acid sequence 
similarities between A P. 
aeruginosa PstC (Pa-PstC) and 
Escherichia coli PstC (Ec,--PstC) Pa-PstC 

and B P. aeruginosa PstA Pa-PstC 

(Pa-PstA) and E. coli PstA Pa-PstC 

(Ec-PstA). The alignments were Pa-PstC 

performed with FASTA and Pa-PstC 

Best-Fit programs (Pearson and 
Lipman 1988). Identical amino Ee-PstC 

acids are indicated by asterisks, 
gaps (dashes) are introduced into Pa-Pstc 
the sequence to maximize the 
alignments. Putative Ec-PstC 

transmembrane helices are 
underlined (Cox et aL 1988) 

A 
Pa-PstC MQQAQVPLLL S I EE QNQVGMRVGGQGE I L FFNAKTGVELKRVALPLPAGSE IRS IAQDQPG SPTVALGL S 
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MTREENMLTGESTLDEERIELPQIAEPVKAIYLDPRKQWLYVINGRATADVFDLHSRQLNGRYKLLEDPN 

AEVTASTQLLGGISLLVGDSKGGIAQWFMARDTDGEPRLSHVRDFNLDGAPISAIAPEQRRKGFIALDEK 

GNLGVFHSTAHRTLLVQPVADSSGVITLSPRANRLLLEQGGKIHRFALSNPHPEISWSALWGKVWYESYD 

KPAYVWQSTAATTDFEPKLSLSPLTFGTLKAAFYAMILAAPLAIAAAVYTAYFMAPAMRRKVKPVIELME 
* * *** 

MAATKPAFNPPGKKGDIIFSVLVKLAALIVLLMLGGIIVSLiISSWPSIQKFGLAFL 

ALP~ILGFFAGLFLAPYVEGHLPGVFSLLLLTPLGILLAGLLWSRLPERIRLSLPAGWEAALLIPWLA 
* ** * * * * * * ** 
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* * * * * * * * * *** **** * *** 

PVMMKESAYGIGCTTWEVIWRIVLPFTKNGVIGGIMLGLGRALGETMAVTFIIGNTYQLDSASLYMPGNS 

Pa-PstC 

Ec-PstC 

8 
Pa-PstA 

Pa-PstA 

Pa-PstA 
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MAM 
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on P~ uptake, recombinant plasmids carrying deletion 
and frameshift mutations in the pst genes were con- 
structed (Fig. 1A). The resulting plasmids were then 
introduced into NT1 by electroporation. None of these 
plasmids could restore Pi transport in NTt  (Fig. 5A). 
By contrast, NTI(pPT06.10), as well as NTI(pPT06.1), 
exhibited Pi uptake at a rate similar to that seen with 
PAO1. This confirmed that the mutant phenotype of 
NT1 was not due to a polar effect. 

The 6.2 kb BamHI-BglII fragment of pPT06.1, which 
contains the entire pst operon, was placed under the 
control of the tac promoter in an expression vector 

pMMB66EH (Furste et al. 1986) to make pPT06.20. 
Introduction of this plasmid into P. aeruginosa PAO 1 
did not increase Pi uptake under conditions of Pi excess 
(Fig. 5B). Moreover, the addition of 0.5 mM isopropyl- 
fl-D-thiogalactoside (IPTG) did not improve the ability 
of PAO1 (pPT06.20) to take up Pi- E. coti MVl184 
bearing pEP02.2, which carries the entire E. coli pst 
operon downstream of tac promoter (Kato et al. 1993), 
showed a linear increase in P~ uptake under conditions 
of Pi excess (Fig. 5B). The difference in the P~ uptake 
phenotype may be interpreted as due to the lack of the 
pstS gene in the P. aeruginosa pst operon. The E. coli pst 
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Fig. 4A-C Transcriptional and translational fusions. A Transcrip- 
tional laeZ fusions. Filled boxes show the pst operon genes, while 
open boxes indicate the fused tacZ gene. B Translational pstC-lacZ 
(pPT06.24) and pstA-IacZ (pPT06.25) fusions. C Western blot analy- 
sis. Strain PAO1 and recombinant derivatives were grown under 
either phosphate (Pi) limitation (lanes 1-3) or Pi excess (lanes 4-6). 
Lanes 1 and 4, PAOI; lanes 2 and 5, PAO1 (pPT06.24); lanes 3 and 
6, PAO1 (pPT06.25) 
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operon consists of pstSCAB and phoU, and the pstS 
codes for a periplasmic Pi-binding protein which is 
required for Prspecific transport (Amemura et al. 
1985). 

~. AP and chemotaxis assays 

The chromosomal deletion mutant NT1 was constitut- 
ive for both AP synthesis and P~ taxis (Table 2). To 
study the effects of each pst gene on AP synthesis and P~ 
taxis, NT1 was transformed with deletion derivative 
plasmids of pPT06.1 (Fig. 1A). Plasmids pPT06.18 
(ApstB) and pPTO6.32(ApstCA) failed to repress AP 
synthesis and P~ taxis in NT1. However strain NT1, 
carrying either pPT06.15 (ApstC) or pPT06.16(ApstA) 
repressed both AP synthesis and Pi taxis under condi- 
tions of Pi excess. The repression of AP synthesis and P~ 
taxis appears to be unrelated to P~ transport, because 
both NT1(pPT06.15) and NTI(pPT06.16) failed to ex- 
press Prspecific transport under conditions of P~ lim- 
itation (Fig. 5A). Previous studies (Cox et al. 1988, 
1989) had shown for E. coli that the provision of P~ to 
the pst operon is not necessary for the repression of AP 
synthesis. The amino acid substitution in the E. coti 
pstC gene, of Arg-237 to Gln and Glu-240 to Gln, 
caused a loss of P~ transport through the phosphate- 
specific transport system, while AP synthesis remained 
repressed. 

Fig. 5A, B Time course of Pj 
uptake by P. aeruginosa and E. 
eoli strains. A P~ uptake by P. 
aeruginosa PAO1 (Ik), NT1 ([~), 
NTI(pPT06.1) (O), 
NT 1 (pPT06.10) (©), 
NTI(pPT06.15) (A), 
NTI(pPT06.16) (V), and 
NTl(pPT06.18) (~) under 
conditions of P~ limitation. B Pi 
uptake by P. aeruginosa PAO1 
(A), PAOI(pPT06.20)(~), E. coi 
MVt184 ( I )  and 
MV1184(pEP02.2) (V) under 
conditions of Pi excess. To 
induce expression of the pst 
genes, 0.5 mM isopropyl-fl-D- 
thiogalactoside (IPTG) was 
added to 2 x YT medium 
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Table 2 Alkaline phosphatase 
(AP) activities and phosphate (P0 
taxis in P. aeruginosa strains 

Strain AP activity (Units/OD6oo) ~ Pi taxisb 

High pc P~ starvation d High Pi P~ starvation 

PAO1 (Wild type) 2.2 _+ 1.4 66.0 _+ 2.5 - + 
NT1 32.7 _+ 5.8 52.9 _+ 2.2 + + 
NT1 (pPT06.15) 4.4 _+ 0.6 40.5 _+ 0.7 - + 
NT1 (pPT06.16) 4.2 +_ 1.0 57.0 _+ 1.4 - + 
NT1 (pPT06.18) 105.0 _+ 7.5 100.0 _+ 2.0 + + 
NT1 (pPT06.32) 44.7 _+ 5.2 54.2 _+ 2.5 + + 

a Mean _+ SD of four experiments. One Unit of enzyme activity is defined as the amount of enzyme 
which liberated 1 nmol of p-nitrophenol per min. OD6o0, Absorbance at 600 nm 
u Positive chemotactic response to P~; - ,  no response to Pi. The computer-assisted capillary assay 
technique was used as described (Nikata et al. 1992) 
~The bacteria were grown in T 5 medium with 5 mM P~ to an OD6o o of 1.0. For chemotaxis assays, 
cells were washed with 10 mM HEPES buffer (pH 7.0) 
a The bacteria were grown in Pi-free To medium to an OD6oo of 0.3. For chemotaxis assays, cells were 
washed with 10 mM HEPES buffer (pH 7.0) 
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Abstract The rapid adoption of microbial whole genome
sequencing in public health, clinical testing, and forensic
laboratories requires the use of validated measurement pro-
cesses. Well-characterized, homogeneous, and stable micro-
bial genomic reference materials can be used to evaluate
measurement processes, improving confidence in micro-
bial whole genome sequencing results. We have developed
a reproducible and transparent bioinformatics tool, PEPR,
Pipelines for Evaluating Prokaryotic References, for char-
acterizing the reference genome of prokaryotic genomic
materials. PEPR evaluates the quality, purity, and homo-
geneity of the reference material genome, and purity of the
genomic material. The quality of the genome is evaluated
using high coverage paired-end sequence data; coverage,
paired-end read size and direction, as well as soft-clipping
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rates, are used to identify mis-assemblies. The homogeneity
and purity of the material relative to the reference genome
are characterized by comparing base calls from replicate
datasets generated using multiple sequencing technologies.
Genomic purity of the material is assessed by checking for
DNA contaminants. We demonstrate the tool and its output
using sequencing data while developing a Staphylococcus
aureus candidate genomic reference material. PEPR is open
source and available at https://github.com/usnistgov/pepr.

Keywords Microbiology · Whole genome sequencing ·
Bioinformatics

Introduction

Over the past decade, the availability of affordable and
rapid Next-Generation Sequencing (NGS) technology has
revolutionized the field of microbiology. Arguably the most
discriminatory typing method available, whole genome
sequencing (WGS), has been adopted by the research com-
munity, as well as public health laboratories, clinical testing
laboratories, and the forensic community. High stakes deci-
sions are often made based on the outcome of a WGS assay.
To increase confidence in WGS assay, results a critical
assessment of the errors inherent to the measurement pro-
cesses is required. A number of sources of error associated
with the WGS measurement process have been identified,
but the degree to which they can be predicted, controlled, or
compensated varies significantly [1].

Well-characterized, homogeneous, and stable genomic
materials can be used to evaluate methods and aid in estab-
lishing confidence in results from a measurement process.
For example, we recently characterized a whole human
genome reference material (National Institute of Standards
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and Technology, NIST, Reference Material 8398) to assess
the performance of variant calling in human genomic
samples [2], but no reference materials for microbial
sequencing currently exist. NIST is developing four micro-
bial genomic DNA candidate reference materials to meet
this need. When considering the extensive genomic diver-
sity of prokaryotic organisms as well as the rapidly evolving
and diverse DNA sequencing applications, we envision the
need for a wide variety of application-specific genomic
materials for use in method validation and benchmarking.
Currently, many laboratories and sequencing centers are
using in-house materials as part of a regular method val-
idation and quality control system. However, the degree
to which these materials are characterized varies signifi-
cantly, and, therefore, a common pipeline for characterizing
prokaryotic genomic materials is needed.

PEPR, Pipelines for Evaluating Prokaryotic Refer-
ences, a set of reproducible and transparent bioinformatic
pipelines, was developed to characterize genomic materi-
als for use in WGS method validation. Using the pipeline
increases confidence in method validation through the abil-
ity to develop better-characterized control materials. PEPR
characterizes prokaryotic genomic material for purity and
homogeneity of the genome sequence, as well as the pres-
ence of genomic material other than the material genus. The
general approach to material characterization that guided
the development of PEPR is the use of orthogonal sequenc-
ing methods along with technical replicates to obtain con-
sensus values for the characterized properties. These con-
sensus values are our best current estimates of the true val-
ues. We do not assert probabilistic estimates of confidence
or confidence classification values with the sequence data,
as we lack good models of biases or systematic errors of

current sequencing technologies. Here we will first describe
PEPR then show how PEPR was used to characterize NIST
Staphylococcus aureus genomic DNA candidate reference
material.

Methods

Pipelines for evaluating prokaryotic references: PEPR

PEPR consists of three bioinformatic pipelines written
in Python (Fig. 1). The three bioinformatic pipelines are
genome evaluation, genome characterization, and genomic
purity. A YAML file (http://yaml.org) is used to define
pipeline inputs. The pipeline coordinates the execution
of a number of command line tools, logging the stan-
dard output and standard error for each executed com-
mand in time-stamped files for reference and debug-
ging. Pipeline code is available at (https://github.com/
usnistgov/pepr). To reduce the barrier for reuse, two
Docker (https://www.docker.com/) containers are avail-
able with pre-installed pipeline dependencies. Docker
is a lightweight virtual environment that facilitates the
sharing and distribution of computing environments and
can be run on any desktop, cloud, or high-performance
computing environment, regardless of the operating sys-
tem. The pepr container (https://registry.hub.docker.com/
u/natedolson/pepr) includes dependencies for the genome
evaluation and characterization pipelines, excluding the
Genome Analysis Toolkit (due to licensing restrictions).
The docker-pathoscope container has dependencies
for the genomic purity pipeline installed (https://registry.
hub.docker.com/u/natedolson/docker-pathoscope/).

Fig. 1 PEPR workflow. White
objects are pipeline inputs, grey
objects are the three pipeline
components, and light blue
objects are the pipeline products
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A software package, peprr, was developed for the sta-
tistical computing language R [3] to compile the output
from the genome evaluation, characterization, and genomic
purity pipelines. The compiled data was formatted into a
series of data tables within an SQLite, peprDB, database
to facilitate downstream analysis [4]. The package includes
functions to generate a number of summary tables and
figures, including those in this publication.

Genome evaluation pipeline

The Genome Evaluation Pipeline is the first step in the
PEPR workflow and is used to reduce errors in the user-
provided genome assembly prior to characterization. The
evaluation pipeline consists of three steps. Illumina
sequencing data are retrieved from the Genbank Sequence
Read Archive (SRA) using the sratoolkit fastq-dump
command (http://ncbi.github.io/sra-tools/). Users can also
run the pipeline using fastq files by including file paths in the
pipeline parameters file. Next, sequencing reads are mapped
to the reference genome using BWA mem algorithm [5].
Finally, Pilon is used to evaluate and polish the reference
assembly [6]. The corrected reference genome is then used
as input for the Genome Characterization Pipeline.

Genome characterization pipeline

The Genome Characterization Pipeline uses replicate
sequence dataset from multiple sequencing platforms to
characterize the corrected reference genome produced by
the Genome Evaluation Pipeline at the individual base
level. Illumina data are aligned to the reference genome
using the same methods as the evaluation pipeline.
Ion Torrent PGM data are mapped to the reference using
the TMAP algorithm [7]. If Pacific Biosciences (PacBio)
sequencing data are used to generate the input refer-
ence assembly, the data are mapped to the reference
genome using the BWA mem algorithm [5]. Sequence
alignment files are processed prior to downstream anal-
ysis by marking duplicates with Picard’s MarkDupli-
cates command (http://broadinstitute.github.io/picard) and
realigning reads mapping to regions with insertions or
deletion using the GenomeAnalysisToolKit [8, 9]. After
refining the alignment files, base level analysis is performed
using the short-read sequencing data. For each platform
a VCF (variant call format) file with a number of sum-
mary statistics is generated using SAMtools mpileup [10].
A base purity metric is calculated from the resulting VCF
files. The base purity metric is the number of high-quality
bases (quality score ≥ 20) in reads aligned to a genome
position that are in agreement with the reference base
divided by the total number of reads high-quality bases

supporting the reference and alternate base called by SAM-
tools. The metric is calculated from the SAMtools DP4
INFO tag in the vcf output generated with the mpileup
command. Homogeneity analysis, a measure of genomic
content similarity between vials of the reference material,
is performed by first generating a pileup file using SAM-
tools mpileup for each dataset then performing pairwise
tumor-normal variant calling using VarScan [11]. In this
work, VarScan looks specifically for differences between
vials in the proportion of reads containing variants. A
standard Benjamini-Hochberg procedure was used to assess
the power of the homogeneity analysis (Electronic Supple-
mental Material, https://github.com/DanSBS/NGSPower).
Additionally, a number of summary statistics are calculated
for the sequencing datasets using Picard’s Collect Multiple
Metrics (http://broadinstitute.github.io/picard).

Genome purity pipeline

The Genomic Purity Pipeline assesses the purity of the
genomic material, defined as the presence of DNA from
sources other than the expected genus. Material genomic
purity was assessed using the metagenomic taxonomic
read classification algorithm PathoScope 2.0 [12]. This
method uses an expectation-maximization algorithm where
the sequence data are first mapped to a database com-
prised of all sequence data in the Genbank nt database.
Then, through an iterative process, PathoScope re-assigns
ambiguously mapped reads to a taxonomic group based
on the proportion of reads mapped unambiguously to indi-
vidual taxonomic groups in the database. Using short-read
sequencing data as input, PathoScope 2.0 first filters and
trims low-quality reads (PathoQC), followed by mapping
reads to a reference database (PathoMap - a wrapper for
bowtie2 [13]), and then the expectation-maximization algo-
rithm (PathoID) is used for the taxonomic classification.
The annotated Genbank nt database provided by the Patho-
Scope developers was used as the reference database (ftp://
pathoscope.bumc.bu.edu/data/nt ti.fa.gz).

Candidate reference material S. aureus sequencing data

Sequencing data and the reference assembly for the NIST
candidate reference material S. aureus was used to demon-
strate how PEPR is used to characterize a genomic material.
A de novo genome assembly from Pacific Biosciences
(PacBio) long-read sequencing data was used as input for
PEPR. Prior to being used as input, the assembly was val-
idated using optical mapping data. Eight replicate vials of
the candidate reference material were sequenced on the Illu-
mina MiSeq and Ion Torrent PGM sequencing platforms
(Electronic Supplemental Material).
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Results and discussion

Pipelines for Evaluating Prokaryotic References (PEPR)
uses biological and technical replicate sequencing data
from orthogonal sequencing platforms to characterize the
reference genome of a prokaryotic material. The prokary-
otic material is a batch of genomic DNA extracted from
a prokaryotic culture. There are two primary reasons for
using replicate sequencing datasets. One is to test for
homogeneity within the batch of DNA. The second is
to minimize the impact of library specific biases. The
resulting characterized genome is suitable for evaluat-
ing and benchmarking whole genome sequencing meth-
ods. PEPR consists of three pipelines: genome evaluation,
genome characterization, and genomic purity assessment

(Fig. 1). The following section includes the characterization
results for the NIST S. aureus candidate reference mate-
rial along with a discussion of PEPR’s assumptions and
limitations.

Preparation of reference assembly

A user-provided high-quality closed reference assembly
free of large assembly errors should be used as input when
running PEPR. Optical mapping, as well as large insert
mate-pair and synthetic long-read library preparation meth-
ods [14], are a few orthogonal methods that can be used
to identify large mis-assemblies. The long DNA fragments
used in optical mapping (average size < 200 Mb) allows
for the identification of large mis-assemblies (< 3 kb)

Table 1 Summary of sequencing datasets

Acc. Plat Vial Lib. Reads Length (bp) Insert (bp) Cov.

SRR1979039 miseq 0 1 3305082 230 257 247

SRR1979040 miseq 0 2 3732088 216 233 263

SRR1979041 miseq 1 1 3973320 218 242 279

SRR1979042 miseq 1 2 3941040 223 247 285

SRR1979043 miseq 2 1 3442554 234 268 261

SRR1979070 miseq 2 2 3226726 232 268 240

SRR1979044 miseq 3 1 3025028 233 264 229

SRR1979045 miseq 3 2 4796382 200 210 303

SRR1979046 miseq 4 1 3338456 239 278 260

SRR1979047 miseq 4 2 2995090 237 277 231

SRR1979048 miseq 5 1 3495384 225 255 255

SRR1979049 miseq 5 2 3116128 241 281 244

SRR1979050 miseq 6 1 3129282 237 271 240

SRR1979060 miseq 6 2 2976312 242 280 233

SRR1979064 miseq 7 1 2630544 241 283 204

SRR1979065 miseq 7 2 3416580 225 248 247

SRR2002412 pgm 0 1 556903 231 42

SRR2002413 pgm 1 1 530117 224 38

SRR2002414 pgm 2 1 437527 231 33

SRR2002415 pgm 3 1 552692 232 42

SRR2002416 pgm 4 1 498479 232 37

SRR2002418 pgm 5 1 390070 235 30

SRR2002419 pgm 6 1 426196 232 32

SRR2002420 pgm 7 1 439119 238 34

SRR2056302 pacbio 9 1 163475 10510 108

SRR2056306 pacbio 9 2 163471 10436 103

SRR2056310 pacbio 9 3 163474 9863 91

Acc. - Sequence read archive (SRA) database accessions. Plat. - sequencing platform, miseq: Illumina MiSeq, pgm: Ion Torrent PGM, pacbio:
Pacific Biosciences RSII. Lib. - library replicate number for miseq and pgm, smartcell replicate for pacbio. Reads - number of sequencing reads
in the dataset. Length - median read length in base pairs. Insert - median insert size in base pairs for paired-end reads. Cov. - median sequence
coverage across the genome
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Fig. 2 Comparison of base
purity values for PGM and
MiSeq. Positions are colored
based of high and low purity
values for the two sequencing
platforms, MiSeq - Illumina
MiSeq and PGM - Ion Torrent
PGM. A purity value of 0.99
was used to differentiate
between high and low purity
positions. Positions with high
purity for both platforms were
excluded from the figure
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that are not easily identified using short-read sequencing
data [15]. For the S. aureus RM, the reference assembly
was constructed from Pacific Biosciences (PacBio) RSII
long-read sequencing data (Electronic Supplemental Mate-
rial). To validate the S. aureus reference assembly prior to
evaluation with PEPR, OpGen optical mapping technology
was used. The S. aureus optical mapping results were in
agreement with the PacBio assembly, indicating no large
mis-assemblies, and that the assembly was suitable for use
in PEPR.

Genome evaluation

The Genome Evaluation pipeline is the first step in PEPR.
Pilon was chosen for the evaluation step as it assesses the
accuracy of the genome and corrects errors in the assem-
bly [6]. While currently not part of the PEPR, PAGIT, and
REAPR are two alternative methods for evaluating and cor-
recting genome assemblies similar to Pilon [16, 17]. Other
methods are available for evaluating reference genomes,
e.g. amosValidate [18] and ALE [19], however, these meth-
ods only assess assembly accuracy without correcting mis-
assemblies. The resulting reference assembly represents the
consensus genome of the population of cells used to gener-
ate the material. The genome evaluation pipeline does not
attempt to identify or characterize low-frequency structural
variants within the material or vial-to-vial variability of the
reference genome. The evaluation pipeline failed to identify
any assembly or base call errors in the S. aureus candidate

genome assembly. The candidate genome, once evaluated,
and, if necessary, refined during the Genome Evaluation
pipeline, is used as input for the Genome Characterization
pipeline.

Genome characterization

The Genome Characterization pipeline calculates whole
genome base level statistics using replicate sequencing data
from orthogonal measurement methods. As part of the char-
acterization pipeline, summary statistics are generated for
the user provided sequencing datasets. While PEPR only
uses short-read sequencing data to evaluate the material,
dataset summary statistics for additional sequence data,
such as long-read data used to generate the reference assem-
bly, can be calculated. The results from our analysis of the
S. aureus candidate reference material using PEPR provides
an example of the type of information, summary figures,
and tables that can be generated with PEPR.

Table 2 Number of genome positions with high and low purity, purity
metric values higher and lower than 0.99 respectively, for the Illumina
MiSeq and Ion Torrent PGM sequencing platforms

PGM-High PGM-Low

MiSeq-High 2864925 44534

MiSeq-Low 394 115
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Sequencing data summary statistics

Summary statistics were calculated including number of
reads, mapped read length, insert size for paired-end
datasets, and coverage for S. aureus datasets (Table 1).
The MiSeq sequencing run had an average of 1.7 million
paired-end reads per library with a median read length of
232 bp, whereas the PGM sequencing run produced 0.2
million reads per library on average with a median read
length of 232 bp. Based on the sequencing methods used
(Electronic Supplemental Material), longer reads were
expected for PGM. The shorter read length is potentially
due to the low GC content, which is known to challenge cur-
rent sequencing technologies [20]. The higher throughput
and paired-end reads resulted in higher coverage for MiSeq
compared to PGM (251 X vs. 36 X). The three PacBio
datasets are library replicates run on different SMRT cells.
The replicate libraries had a median subread length 10,436
bp and 302 X total coverage. Between the three platforms
a total coverage of 4,611 X. The dataset summary statistics
provide general information about the sequencing datasets
and identify potential biases in the sequence methods.

Base level purity

A base purity metric was used to evaluate how well the
sequencing data supports the reference base call. Through

comparison of the base purity for two orthogonal sequenc-
ing methods, we identified genome positions with low
purity values due to platform specific systematic sequencing
errors. The reference base is identified using a third orthog-
onal sequencing method (Pacific Biosciences RSII), which
only chooses the dominant base and does not identify small
impurities. Thus, a low purity (below 50 %) for one of the
two short-read sequencing platforms and a high purity value
for the other means that two technologies (one short-read
and one long-read) agree that the dominant base is the ref-
erence base. It is important to acknowledge that even if the
two short-read sequencing platforms indicate an impurity,
they are potentially susceptible to the same unknown bias.

We compared purity metric values between two orthogo-
nal sequencing methods, MiSeq and PGM, for all positions
in the genome (Fig. 2). The purity metric was used to cat-
egorize genomic positions as high (> 0.99) or low purity
(< 0.99). Out of 2,909,968 positions in the genome
2,864,925 positions had purity values greater than 0.99
for both short-read sequencing platforms (Table 2). Fur-
ther, 2,909,853 and 2,909,965 positions had purity values
greater than 0.99 and 0.97, respectively, for one of the two
platforms. Only 115 positions had purity values less than
0.99 for both platforms, and no positions had purity value
less than 0.95 for both platforms. The positions with low
purity for MiSeq were non-uniformly distributed whereas

Fig. 3 Distribution of genome
positions by purity group. Bases
with high and low purity and
purity values greater than and
less than 0.99 respectively for
the two platforms, MiSeq -
Illumina MiSeq and PGM - Ion
Torrent PGM. Positions with
high purity for both platforms
were excluded from the figure
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positions with low purity for PGM were uniformly dis-
tributed (Fig. 3). The difference in low purity position
distributions is due to differences in the systematic sequenc-
ing error profiles for the two platforms. PGM has a higher
error rate for homopolymers, whereas MiSeq has a more
context specific sequencing error profile [20].

The sequencing technologies used to characterize the
material are still maturing, and an incomplete understand-
ing of platform-specific biases limits our ability to provide
a confidence value for the base calls. A number of base
level metrics, such as strand bias, are calculated as part
of the PEPR Genome Characterization Pipeline and are
included in the pipeline results database. These metrics can
be used to differentiate positions with low purity due to
measurement error and those due to biological variabil-
ity. Use of additional metrics and algorithms developed
for the identification of low-frequency variants, such as
LoFreq [21], could help identify positions with low levels
of biological variability, but are not currently implemented
in PEPR.

Base level homogeneity

Material homogeneity was assessed through pairwise sta-
tistical analysis of the replicate MiSeq datasets using the
VarScan somatic variant caller [11]. The pairwise vari-
ant analysis failed to identify any statistically significant
base level differences among the replicates (Table 3). Only
Illumina data was used to assess the homogeneity of the
material as the higher coverage increased the statistical
power of the test, and replicate libraries provide information
regarding the method error rate. The Ion Torrent dataset did
not include replicate libraries for the eight vials sequenced,
and therefore, library specific sequencing errors were
confounded with vial-to-vial variability. No statistically
significant variants were identified between all pairwise
comparisons indicating that the material is homogeneous.
If potential inhomogeneities were found, then the PGM

sequencing data could be examined for additional support
for the inhomogeneities. Even without replicate libraries for
the different vials, it is unlikely that any library specific bias
will correlate with vial-to-vial variability observed in the
Illumina data by chance.

Genomic purity pipeline

TheGenomic Purity pipeline is used to identify DNAwithin
the material that belongs to a genus other than the mate-
rial genus. Short-read sequencing data was used to identify
the proportion of DNA in the material from an organism
other than the material genus, in this case, Staphylococ-
cus, using PathoScope 2.0 [12]. The genus level cutoff was
selected based on results from a previous study character-
izing the specificity of the PathoScope 2.0 classification
algorithm (Olson et al. in-prep). Genomic contaminants can
be from the culture itself or reagents and materials used to
prepare the material or during sequencing [22–24]. Contam-
inants identified by the Genomic Purity Pipeline may not
be present in the material. For example, reagents used dur-
ing library preparation may include contaminants [24–27].
Additionally, bioinformatic errors may lead to false posi-
tives, either due to errors in the database or errors by the
classification algorithm.

Based on analysis of the MiSeq and PGM sequencing
data, the reference material has minimal if any genomic
contaminants, with a maximum of 0.0039 % reads in any
dataset classified as not belonging to the genus Staphylococ-
cus. The most abundant contaminant was Escherichia coli
(Fig. 4). E. coli is a well-documented contaminant of molec-
ular biology reagents, and not likely a true contaminant
[24]. Lower abundant contaminants may be bioinformatic
errors and not true contaminants. While, contaminants iden-
tified by the Genomic Purity pipeline are most likely from
reagents or due to bioinformatic errors, a conservative esti-
mate of the material purity, assuming all contaminants
are real, is reported by the pipeline. Users will want to

Table 3 Pairwise variant analysis results

Position Proportion of Pairs Median Frequency Minimum P-value N Significant

244332 0.01 21.31 0.51 0.00

2615986 0.03 20.48 0.45 0.00

2616058 0.08 25.29 0.15 0.00

2619808 0.01 20.78 0.61 0.00

2619886 0.01 21.54 0.50 0.00

Position is the position in the genome where differences in variant frequency for at least one of the 16 pairwise comparisons were reported.
Proportion of pairs is the fraction of the pairwise comparisons between the 16 Illumina MiSeq datasets where VarScan reported a difference in
variant frequency. Median frequency is the median variant frequency for datasets with reported difference at that genome position. Minimum p-
value is the lowest p-value reported by VarScan for all pairwise dataset comparisons with reported differences in variant frequency. N Significant
is the number of datasets with reported statistically significant differences at that genome position
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Fig. 4 Breakdown of
contaminants by organism
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consider the limited specificity of the taxonomic classi-
fication method. For example, if the intended use of the
genomic DNA is for use as part of an inclusivity exclusiv-
ity panel, additional genomic purity assessment in addition
to the PEPR Genomic Purity Pipeline is required to validate
the material.

Conclusions

PEPR provides a framework for characterizing microbial
genomic reference materials, for instance, a homogenized
batch of DNA from a single prokaryotic strain. The objec-
tive in developing PEPR was to provide a reproducible
and transparent workflow for characterizing of prokaryotic
genomic materials. The pipeline can be used to characterize
reference materials as well as in-house quality control mate-
rials for which replicate sequencing datasets from multiple
platforms are available. If another lab wishes to character-
ize a new reference or quality control material, they could
follow this process:

1. Ideally, the user should generate a large batch of mate-
rial and aliquot it to reduce inhomogeneity.

2. Identify a high-quality genome assembly. If a good ref-
erence assembly does not exist for the sample, then
long-read sequencing like PacBio may be required to

generate an assembly, and ideally mapping technologies
would be used to validate the assembly.

3. Short-read whole genome sequencing, preferably from
two orthogonal sequencing technologies, should be
generated from multiple vials of the material, ide-
ally with technical replicate libraries from at least six
randomly selected vials.

4. PEPR can then be run to assess base level purity
and homogeneity, genomic contaminants, and mis-
assemblies.

PEPR outputs include a corrected reference genome
assembly, genome positions with high and low purity based
on biological and technical variation, base level homogene-
ity of the material, as well as the percentage and identity
of genus level genomic contaminants. The resulting charac-
terization values are intentionally conservative and without
uncertainty or confidence estimates, as sources of bias and
error associated with the measurement process are currently
not fully understood. As the scientific community’s under-
standing of the measurement process matures new algo-
rithms can be incorporated into the pipeline to increase the
quality of material characterization process. The genomic
materials characterized using PEPR will help increase
confidence in WGS measurement methods and improve
our understanding of the sequencing and data analysis
process.
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Starting with the discovery of the structure of DNA1, 
great strides have been made in understanding the com-
plexity and diversity of genomes in health and disease. 
A multitude of innovations in reagents and instrumen-
tation supported the initiation of the Human Genome 
Project2. Its completion revealed the need for greater 
and more advanced technologies and data sets to answer 
the complex biological questions that arose; however, 
limited throughput and the high costs of sequencing 
remained major barriers. The release of the first truly 
high-throughput sequencing platform in the mid-2000s 
heralded a 50,000-fold drop in the cost of human 
genome sequencing since the Human Genome Project3 
and led to the moniker: next- generation sequencing 
(NGS). Over the past decade, NGS technologies have 
continued to evolve — increasing capacity by a factor 
of 100–1,000 (REF. 4) — and have incorporated revo-
lutionary innovations to tackle the complexities of 
genomes. These advances are providing read lengths 
as long as some entire genomes, they have brought the 
cost of sequencing a human genome down to around 
US$1,000 (as reported by Veritas Genomics)5, and they 
have  enabled the use of sequencing as a clinical tool3,6.

Although exciting, these advancements are not 
without limitations. As new technologies emerge, 
existing problems are exacerbated or new problems 
arise. NGS platforms provide vast quantities of data, 
but the associ ated error rates (~0.1–15%) are higher 
and the read lengths generally shorter (35–700 bp for 
short-read approaches)7 than those of traditional Sanger 
sequencing platforms, requiring careful examination of 

the results, particularly for variant discovery and clini-
cal applications. Although long-read sequencing over-
comes the length limitation of other NGS approaches, 
it remains considerably more expensive and has lower 
throughput than other platforms, limiting the wide-
spread adoption of this technology in favour of less- 
expensive approaches. Finally, NGS is also competing 
with alternative technologies that can carry out simi-
lar tasks, often at lower cost (BOX 1); it is not clear how 
these disparate approaches to genomics, medicine and 
research will interact in the years to come.

This Review evaluates various approaches used 
in NGS and how recent advancements in the field are 
changing the way genetic research is carried out. Details 
of each approach along with its benefits and drawbacks 
are discussed. Finally, various emerging applications 
within this field and its exciting future are explored.

Short-read NGS
Overview of clonal template generation approaches. 
Short-read sequencing approaches fall under two broad 
categories: sequencing by ligation (SBL) and sequen-
cing by synthesis (SBS). In SBL approaches, a probe 
sequence that is bound to a fluorophore hybridizes to 
a DNA fragment and is ligated to an adjacent oligo-
nucleotide for imaging. The emission spectrum of the 
fluorophore indicates the identity of the base or bases 
complementary to specific positions within the probe. 
In SBS approaches, a polymerase is used and a signal, 
such as a fluorophore or a change in ionic concentra-
tion, identifies the incorporation of a nucleotide into 
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Read
The sequence of bases from a 
single molecule of DNA.

Sanger sequencing
An approach in which 
dye-labelled normal 
deoxynucleotides (dNTPs) 
and dideoxy-modified dNTPs 
are mixed. A standard PCR 
reaction is carried out and, 
as elongation occurs, some 
strands incorporate a 
dideoxy-dNTP, thus 
terminating elongation. The 
strands are then separated 
on a gel and the terminal 
base label of each strand is 
identified by laser excitation 
and spectral emission analysis.

Coming of age: ten years of next-
generation sequencing technologies
Sara Goodwin1, John D. McPherson2 and W. Richard McCombie1

Abstract | Since the completion of the human genome project in 2003, extraordinary progress has 
been made in genome sequencing technologies, which has led to a decreased cost per megabase 
and an increase in the number and diversity of sequenced genomes. An astonishing complexity of 
genome architecture has been revealed, bringing these sequencing technologies to even greater 
advancements. Some approaches maximize the number of bases sequenced in the least amount 
of time, generating a wealth of data that can be used to understand increasingly complex 
phenotypes. Alternatively, other approaches now aim to sequence longer contiguous pieces of 
DNA, which are essential for resolving structurally complex regions. These and other strategies 
are providing researchers and clinicians a variety of tools to probe genomes in greater depth, 
leading to an enhanced understanding of how genome sequence variants underlie phenotype 
and disease.
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There are other technologies that either compete with or complement 
next-generation sequencing (NGS). This section outlines these technologies 
and their relationship with NGS.

DNA microarrays
DNA microarrays have been used for genetic research since the early 1980s122 
(see the figure, part a). In DNA microarrays, single-stranded DNA (ssDNA) 
probes are immobilized on a substrate in a discrete location with spots as 
small as 50 μm123. Target DNA is labelled with a fluorophore and hybridized to 
the array. The intensity of the signal is used to determine the number of 
bound molecules.

Microarrays are used in many applications. Single-nucleotide polymorphism 
(SNP) arrays identify common polymorphisms associated with disease and 
phenotypes, including cardiovascular disease124, cancer125–127, pathogens128,129, 
ethnicity130,131 and genome-wide association study (GWAS) analysis132,133. 
Additionally, lower-resolution arrays are used to identify structural variation, 
copy number variants (CNVs) and DNA–protein interactions134–137. Expression 
arrays measure expression levels by measuring the amount of gene-specific 
cDNA138.

Microarrays remain widely used in genomic research. They are used to 
identify SNPs at costs far below NGS routines. This is also true for expression 
studies, in which arrays inexpensively measure expression levels of thousands 
of genes. Variations in hybridization and normalization are problematic, 
leading some people to recommend RNA sequencing (RNA-seq) over gene 
expression microarrays139.

NanoString
Similar to microarrays, the nCounter Analysis System from NanoString relies 
on target–probe hybridization (see the figure, part b). Probes target a gene 
of interest; one probe is bound to a fluorophore ‘barcode’ and the other 
anchors the target for imaging. The number and type of each barcode is 
counted. NanoString is unique in that the probes are labelled molecules that 
are bound together in a discrete order, which can be changed to create 
hundreds of different labels.

nCounter applications are similar to those of microarrays and quantitative 
PCR (qPCR; see below), including gene expression analysis145,146, CNV and 
SNP detection147,148, and fusion gene detection149. This approach provides 
exceptionally high resolution, less than one copy per cell145, far below 
microarrays and approaching TaqMan in sensitivity. Unlike most NGS 

applications, neither template enrichment nor reverse transcription are 
required. Around 800 targets can be read at a time, far below either 
microarrays or NGS.

qPCR
Real-time qPCR utilizes the PCR reaction to detect targets of interest (see the 
figure, part c). Gene-specific primers are used and the target is detected 
either by the incorporation of a double-stranded DNA (dsDNA)-specific dye 
or by the release of a TaqMan FRET (fluorescence resonance energy transfer) 
probe through polymerase 5′−3′ exonuclease activity.

Developed in the early 1990s140, qPCR is widely used in both clinical and 
research settings for genotyping141, gene expression analysis142, CNV assays143 
and pathogen detection144. qPCR is extremely rapid and robust, which is 
beneficial for point-of-care applications. Its high sensitivity and specificity 
make it the gold standard for clinical gene detection with several US Food 
and Drug Administration (FDA)-approved tests. The number of simultaneous 
targets that can be detected is in the hundreds rather than the thousands for 
microarrays and NGS. This method also requires primers and/or probes 
designed for specific targets.

Optical mapping
Optical mapping combines long-read technology with low-resolution 
sequencing (see the figure, part d). Originally a method for ordering 
restriction enzyme sites150 through digestion and size separation, this 
technology now uses fluorescent markers to tag particular sequences 
within DNA fragments that are up to ~1 Mb long. The results are imaged 
and aligned to each other, and/or a reference, to map the locations of the 
probes relative to each other.

A central application of this technology is the generation of genome 
maps that are used in de novo assembly and gap filling94,151. This technology 
can be used to detect structural variations that are up to tens of kilobases 
in length94,152. Haplotype blocks that are several hundred kilobases in size 
can also be resolved153.

Optical mapping can either be an alternative to NGS or a complementary 
approach. As an alternative, it provides a low-cost option for 
understanding structural and copy number variation, but it does not 
provide base-level resolution. As a complementary technology, optical 
mapping improves de novo genome assemblies by providing a long-range 
scaffold on which to align short-read data.

Box 1 | Alternative genomic strategies
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Template
A DNA fragment to be 
sequenced. The DNA is 
typically ligated to one or more 
adapter sequences where DNA 
sequencing will be initiated.

Fragmentation
The process of breaking large 
DNA fragments into smaller 
fragments. This can be 
achieved mechanically (by 
passing the DNA through a 
narrow passage), by sonication 
or enzymatically.

Clusters
Groups of DNA templates in 
close spatial proximity, 
generated either though 
bead-based amplification or 
by solid-phase amplification. 
Bead-based approaches rely 
on emulsions to maintain 
template isolation during 
amplification. Solid-phase 
approaches rely on the 
template-to-bound-adapter 
ratio to probabilistically bind 
template molecules at a 
sufficient distance from 
each other.

Flow cells
Disposable parts of a 
next-generation sequencing 
routine. Template DNA is 
immobilized within the flow cell 
where fluid reagents can be 
streamed into the cell and 
flushed away.

Rolling circle amplification
(RCA). A method of DNA 
amplification using a circular 
template. Briefly, DNA 
polymerase binds to a primed 
section of a circular DNA 
template. As the polymerase 
traverses the template, a new 
strand is synthesized. When 
the polymerase completes a 
full circle and encounters the 
double-stranded DNA 
(dsDNA) template, it displaces 
the template without 
degradation, thus creating 
a long ssDNA fragment 
composed of many copies 
of the template sequence.

an elongating strand. In most SBL and SBS approaches, 
DNA is clonally amplified on a solid surface. Having 
many thousands of identical copies of a DNA fragment 
in a defined area ensures that the signal can be distin-
guished from background noise. Massive parallelization 
is also facilitated by the creation of many millions of 
individual SBL or SBS reaction centres, each with its own 
clonal DNA template. A sequencing platform can col-
lect information from many millions of reaction  centres 
simultaneously, thus sequencing many millions of DNA 
molecules in parallel.

There are several different strategies used to gener-
ate clonal template populations: bead-based, solid-state 
and DNA nanoball generation (FIG. 1). The first step of 
DNA template generation is fragmentation of the sam-
ple DNA, followed by ligation to a common adaptor 
set for clonal amplification and sequencing. For bead-
based preparations, one adaptor is complementary to 
an oligo nucleotide fragment that is immobilized on 
a bead (FIG. 1a). Using emulsion PCR (emPCR)8, the 
DNA template is amplified such that as many as one 
million clonal DNA fragments are immobilized on 
a single bead9. These beads can be distributed onto a 
glass surface10 or arrayed on a PicoTiterPlate (Roche 
Diagnostics)11. Solid-state amplification12 eschews the 
use of emPCR in favour of amplification directly on a 
slide13 (FIG. 1b,c). In this approach, forward and reverse 
primers are  covalently bound to the slide surface, either 
randomly or on a patterned slide. These primers pro-
vide complementary ends to which single-stranded 
DNA (ssDNA) templates can bind. Precise control 
over template concentration enables the amplification 
of templates into localized, non-overlapping clonal 
 clusters, thus maintaining spatial integrity. Recently, 
several NGS platforms have utilized patterned flow cells. 
By defining precisely where primers are bound to the 
slide, more DNA templates can be spatially resolved, 
enabling higher densities of reaction centre clusters and 
 increasing sequencing throughput.

The Complete Genomics technology used by the 
Beijing Genomics Institute (BGI) is currently the only 
approach that achieves template enrichment in solu-
tion. In this case, DNA undergoes an iterative ligation, 
circularization and cleavage process to create a circular 
template, with four distinct adaptor regions. Through 
the process of rolling circle amplification (RCA), up to 20 
billion discrete DNA nanoballs are generated (FIG. 1d). 
The nanoball mixture is then distributed onto a pat-
terned slide surface containing features that allow a 
 s  ingle  nanoball to associate with each location14.

Sequencing by ligation (SOLiD and Complete 
Genomics). Fundamentally, SBL approaches involve 
the hybridization and ligation15 of labelled probe and 
anchor sequences to a DNA strand. The probes encode 
one or two known bases (one-base-encoded probes or two-
base-encoded probes) and a series of degenerate or uni-
versal bases, driving complementary binding between 
the probe and template, whereas the anchor fragment 
encodes a known sequence that is complementary to an 
adapter sequence and provides a site to initiate ligation. 

After ligation, the template is imaged and the known 
base or bases in the probe are identified16. A new cycle 
begins after complete removal of the anchor–probe com-
plex or through cleavage to remove the fluorophore and 
to regenerate the ligation site.

The SOLiD platform utilizes two-base-encoded 
probes, in which each fluorometric signal represents 
a dinucleotide17. Consequently, the raw output is not 
directly associated with the incorporation of a known 
nucleotide. Because the 16 possible dinucleotide com-
binations cannot be individually associated with spec-
trally resolvable fluorophores, four fluorescent signals 
are used, each representing a subset of four dinucleotide 
combinations. Thus, each ligation signal represents one 
of several possible dinucleotides, leading to the term 
colour-space (rather than base-space), which must be 
deconvoluted during data analysis. The SOLiD sequen-
cing procedure is composed of a series of probe–anchor 
binding, ligation, imaging and cleavage cycles to elon-
gate the complementary strand (FIG. 2a). Over the course 
of the cycles, single-nucleotide offsets are introduced to 
ensure every base in the template strand is sequenced.

Complete Genomics performs DNA sequencing 
using combinatorial probe–anchor ligation (cPAL)14 
or combinatorial probe–anchor synthesis (cPAS; see 
the BGISEQ-500 website). In cPAL (FIG. 2b), an anchor 
sequence (complementary to one of the four adaptor 
sequences) and a probe hybridize to a DNA nanoball 
at several locations. In each cycle, the hybridizing probe 
is a member of a pool of one-base-encoded probes, in 
which each probe contains a known base in a constant 
position and a corresponding fluorophore. After ima-
ging, the entire probe–anchor complex is removed and a 
new probe–anchor combination is hybridized. Each sub-
sequent cycle utilizes a probe set with the known base in 
the n + 1 position. Further cycles in the process also use 
adaptors of variable lengths and chemistries, allowing 
sequencing to occur upstream and downstream of the 
adaptor sequence. The cPAS approach is a modification 
of cPAL intended to increase read lengths of Complete 
Genomics’ chemistry; however, at present, details about 
the approach are limited.

Sequencing-by-synthesis categories. SBS is a term used 
to describe numerous DNA-polymerase-dependent 
methods in the literature, but it does not delineate the 
different mechanisms involved in SBS approaches. 
For this article, SBS approaches will be classified 
either as cyclic reversible termination (CRT) or as 
 single-nucleotide addition (SNA)18.

Sequencing by synthesis: CRT (Illumina, Qiagen). CRT 
approaches are defined by their use of terminator mol-
ecules that are similar to those used in Sanger sequen-
cing, in which the ribose 3ʹ-OH group is blocked, thus 
preventing elongation19,20. To begin the process, a DNA 
template is primed by a sequence that is complemen-
tary to an adapter region, which will initiate polymerase 
binding to this double-stranded DNA (dsDNA) region. 
During each cycle, a mixture of all four individually 
labelled and 3ʹ-blocked deoxynucleotides (dNTPs) are 
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1×

2×

3×

N×

Adapter ligation
One set of adapters 
is ligated to either 
end of a DNA 
template, followed 
by template 
circularization

Cleavage 
Circular DNA 
templates 
are cleaved 
downstream 
of the adapter 
sequence

Iterative ligation
Three additional 
rounds of ligation, 
circularization and 
cleavage generate a 
circular template with 
four different adapters 

Rolling circle amplification 
Circular templates are amplified to generated long 
concatamers, called DNA nanoballs; intermolecular 
interactions keep the nanoballs cohesive and 
separate in solution  

Hybridization 
DNA nanoballs are 
immobilized on a 
patterned flow cell

d  In-solution DNA nanoball generation 
     (Complete Genomics (BGI))

a  Emulsion PCR 
    (454 (Roche), SOLiD (Thermo Fisher), GeneReader (Qiagen), Ion Torrent (Thermo Fisher))

Template binding 
Free DNA templates hybridize 
to bound primers and the 
second strand is amplified 

Primer walking 
dsDNA is partially denatured,  
allowing the free end to 
hybridize to a nearby primer

Template regeneration 
Bound template is amplified 
to regenerate free DNA 
templates

Cluster generation
After several cycles of 
amplification, clusters on a 
patterned flow cell are 
generated

c  Solid-phase template walking
    (SOLiD Wildfire (Thermo Fisher))

Cluster generation 
After several rounds of 
amplification, 100–200 million 
clonal clusters are formed

Template binding 
Free templates hybridize 
with slide-bound adapters 

Bridge amplification
Distal ends of hybridized templates 
interact with nearby primers where 
amplification can take place  

Patterned flow cell 
Microwells on flow cell 
direct cluster generation, 
increasing cluster density 

b  Solid-phase bridge amplification
     (Illumina)

Emulsion 
Micelle droplets are loaded 
with primer, template, 
dNTPs and polymerase 

On-bead amplification
Templates hybridize to bead-bound primers and are amplified; 
after amplification, the complement strand disassociates,  
leaving bead-bound ssDNA templates

Final product 
100–200 million beads with 
thousands of bound template

Nature Reviews | Genetics

Figure 1 | Template amplification strategies. a | In emulsion PCR, 
fragmented DNA templates are ligated to adapter sequences and are 
captured in an aqueous droplet (micelle) along with a bead covered with 
complementary adapters, deoxynucleotides (dNTPs), primers and DNA 
polymerase. PCR is carried out within the micelle, covering each bead with 
thousands of copies of the same DNA sequence. b | In solid-phase bridge 
amplification, fragmented DNA is ligated to adapter sequences and bound to 
a primer immobilized on a solid support, such as a patterned flow cell. The free 
end can interact with other nearby primers, forming a bridge structure. PCR 
is used to create a second strand from the immobilized primers, and unbound 
DNA is removed. c | In solid-phase template walking154, fragmented DNA is 
ligated to adapters and bound to a complementary primer attached to a solid 
support. PCR is used to generate a second strand. The now double-stranded 

template is partially denatured, allowing the free end of the original template 
to drift and bind to another nearby primer sequence. Reverse primers are 
used to initiate strand displacement to generate additional free templates, 
each of which can bind to a new primer. d | In DNA nanoball generation, 
DNA is fragmented and ligated to the first of four adapter sequences. The 
template is amplified, circularized and cleaved with a type II endonuclease. 
A second set of adapters is added, followed by amplification, circularization 
and cleavage. This process is repeated for the remaining two adapters. The 
final product is a circular template with four adapters, each separated by a 
template sequence. Library molecules undergo a rolling circle amplification 
step, generating a large mass of concatamers called DNA nanoballs, which 
are then deposited on a flow cell. Parts a and b are adapted from REF. 18, 
Nature Publishing Group.
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One-base-encoded probes
Oligonucleotides that contain 
a single interrogation base in a 
known position. The base 
corresponds to a fluorescent 
label on each probe. The 
remaining bases are either 
degenerate (any of the four 
bases) or universal (unnatural 
bases with nonspecific 
hybridization), allowing the 
probe to interact with many 
different possible template 
sequences.

Two-base-encoded probes
Oligonucleotides that contain 
two adjacent interrogation 
bases in a known position. 
The bases correspond to a 
fluorescent label on each 
probe. The remaining bases 
are either degenerate (any of 
the four bases) or universal 
(unnatural bases with 
nonspecific hybridization) 
allowing the probe to interact 
with many different possible 
template sequences.

Colour-space
A system exclusively used 
by SOLiD. When a 
two-base-encoded probe is 
used, the bound label 
corresponds to two bases 
rather than one. Thus, the 
signal derived from a SOLiD 
run is in a series of colours 
that represent overlapping 
dinucleotides, rather than each 
colour being directly correlated 
to a single base. A reference- 
based alignment is the most 
efficient way to translate 
colour-space into base-space. 
For example, in the sequence 
ATGT the first probe will match 
AT, the second will match TG 
and the third GT. If the AT is 
known, then the subsequent 
colour order is uniquely solved 
as TG and GT, leading to a 
readout of ATGT. Final 
sequence deconvolution of 
colour-space is achieved with 
the knowledge of the second 
base identity in one round and 
the colour of the subsequent 
round in which the ligation is 
offset by one nucleotide, 
allowing for the identification 
of the next base.

Base-space
A system used by most 
next-generation sequencing 
platforms. When a 
one-base-encoded probe or 
a sequencing-by-synthesis 
approach is used, each signal is 
correctly correlated to a base.

added. After the incorporation of a single dNTP to each 
elongating complementary strand, unbound dNTPs are 
removed and the surface is imaged to identify which 
dNTP was incorporated at each cluster. The fluoro-
phore and blocking group can then be removed and a 
new cycle can begin.

The Illumina CRT system (FIG. 3a) accounts for the 
largest market share for sequencing instruments com-
pared to other platforms21. Illumina’s suite of instru-
ments for short-read sequencing range from small, 
low-throughput benchtop units to large ultra-high-
throughput instruments dedicated to population-level 
whole-genome sequencing (WGS). dNTP identification 
is achieved through total internal reflection fluores-
cence (TIRF) microscopy using either two or four laser 
channels. In most Illumina platforms, each dNTP is 
bound to a single fluorophore that is specific to that 
base type and requires four different imaging chan-
nels, whereas the NextSeq and Mini-Seq systems use a 
two-fluorophore system.

In 2012, Qiagen acquired the Intelligent BioSystems 
CRT platform, which was commercialized and 
relaunched in 2015 as the GeneReader22 (FIG.  3b). 
Unlike other systems, this platform is intended to be an 
all-in-one NGS platform, from sample preparation to 
analysis. To accomplish this, the GeneReader system is 
bundled with the QIAcube sample preparation system 
and the Qiagen Clinical Insight platform for vari ant ana-
lysis. The GeneReader uses virtually the same approach 
as that used by Illumina; however, it does not aim to 
ensure that each template incorporates a fluorophore- 
labelled dNTP23. Rather, GeneReader aims to ensure 
that just enough labelled dNTPs are  incorporated to 
achieve identification.

Sequencing by synthesis: SNA (454, Ion Torrent). Unlike 
CRT, SNA approaches rely on a single signal to mark the 
incorporation of a dNTP into an elongating strand. As a 
consequence, each of the four nucleotides must be added 
iteratively to a sequencing reaction to ensure only one 
dNTP is responsible for the signal. Furthermore, this 
does not require the dNTPs to be blocked, as the absence 
of the next nucleotide in the sequencing reaction pre-
vents elongation. The exception to this is homopolymer 
regions where identical dNTPs are added, with sequence 
identification relying on a proportional increase in the 
signal as multiple dNTPs are incorporated.

The first NGS instrument developed was the 454 
pyrosequencing24 device. This SNA system distributes 
template-bound beads into a PicoTiterPlate along with 
beads containing an enzyme cocktail. As a dNTP is 
incorporated into a strand, an enzymatic cascade occurs, 
resulting in a bioluminescence signal. Each burst of light, 
detected by a charge-coupled device (CCD) camera, can be 
attributed to the incorporation of one or more identical 
dNTPs at a particular bead (FIG. 4a).

The Ion Torrent was the first NGS platform with-
out optical sensing25. Rather than using an enzymatic 
cascade to generate a signal, the Ion Torrent platform 
detects the H+ ions that are released as each dNTP is 
incorporated. The resulting change in pH is detected by 

an integrated complementary metal-oxide- semiconductor 
(CMOS) and an ion-sensitive field-effect transistor (ISFET) 
(FIG.  4b). The pH change detected by the sensor is 
imperfectly proportional to the number of nucleotides 
detected, allowing for limited accuracy in measuring 
homopolymer lengths.

Comparison of short-read platforms. Individual short-
read sequencing platforms vary with respect to through-
put, cost, error profile and read structure (TABLE 1). 
Despite the existence of several NGS technology pro-
viders, NGS research is increasingly being conducted 
within the Illumina suite of instruments21. Although 
this implies high confidence in their data, it also raises 
concerns about systemic biases derived from using a 
single sequencing approach26–28. As a consequence, new 
approaches are being developed and researchers increas-
ingly have the choice to integrate multiple sequencing 
methods with complementary strengths.

The SBL technique used by both the SOLiD and 
Complete Genomics systems affords these technologies 
a very high accuracy (~99.99%)7,14, as each base is probed 
multiple times. Although accurate, both platforms also 
show evidence of a trade-off between sensitivity and 
specificity, such that true variants are missed while 
few false variants are called29–31. There is also evidence 
that the platforms share some under- representation of 
AT-rich regions26,32, and the SOLiD platform displays 
some substitution errors and some GC-rich under- 
representation32. Perhaps the feature most limiting to the 
widespread adoption of these technologies is the very 
short read lengths. Although both platforms can gener-
ate single-end and paired-end sequencing reads, the maxi-
mum read length is just 75 bp for SOLiD and 28–100 bp 
for Complete Genomics33, limiting their use for genome 
assembly and structural variant detection applications. 
Unfortunately, owing to these limitations, along with 
runtimes on the order of several days, the SOLiD system 
has been relegated to a small niche within the industry. 
Furthermore, although the cPAL-based Revolocity sys-
tem was intended to compete with the Illumina HiSeq 
in terms of cost and throughout, its launch was sus-
pended in 2016 and it is now only available as a service 
platform for human WGS33,34, whereas the cPAS-based 
BGISEQ-500 platform is limited to mainland China.

Illumina dominates the short-read sequencing 
industry owing, in part, to its maturity as a technol-
ogy, a high level of cross-platform compatibility and 
its wide range of platforms. The suite of instruments 
available ranges from the low-throughput MiniSeq to 
the ultra-high-throughput HiSeq X, which is capable 
of sequen cing ~1,800 human genomes to 30× cover-
age per year. Further diversification is derived from the 
many options available for runtime, read structure and 
read length (up to 300 bp). As the Illumina platform 
relies on a CRT approach, it is much less susceptible to 
the homo poly mer errors observed in SNA platforms. 
Although it has an overall accuracy rate of >99.5%35, 
the platform does display some under-representation 
in AT-rich32,36 and GC-rich regions32,37, as well as a ten-
dency towards substitution errors38. In 2008, Bentley 
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Cleavage agent

Single-base-encoded probes
A probe with a single known base and degenerate bases 
hybridizes to a template and is imaged

Reset
After each imaging step, both the probe and anchor are removed

Probe with known 
base at n+1

a  SOLiD 
     (Thermo Fisher)

b  Complete Genomics
     (BGI)

Paired-end sequencing
Sequencing is performed for both the left and right sides of 
the adapter

T

T GA GT C C C G A C T T A

TA

A

Offset anchors 
Subsequent rounds of hybridization and ligation use offset 
anchors to sequence more-distant bases

G

Anchor with an n+5 offset

TA

Cleavage 
The fluorophore is cleaved from the probe along 
with several bases, revealing a 5′ phosphate

Two-base-encoded probes 
Probes with two known bases followed by degenerate or 
universal bases hybridize to a template; ligase immobilizes the 
complex and the slide is imaged 

5′-P

Reset 
After a round of probe extension, all 
probes and anchors are removed and 
the cycle begins again with an offset 
anchor

Probe extension 
10 rounds of hybridization, ligation, 
imaging and cleavage identify 2 out of 
every 5 bases

A AG TG C C G T T C A A T

Anchor with an n+2 offset

Whole-genome sequencing
(WGS). Sequencing of the 
entire genome without using 
methods for sequence 
selection.

et al.35 reported a very high concordance rate between 
human single- nucleotide polymorphisms (SNPs) 
identi fied with Illumina and SNPs identified from 
geno typing microarrays35. However, this high sensi-
tivity came with a false-positive rate of around 2.5%, 
leading this and other groups to consider using Sanger 

sequen cing to resequence the called SNPs in order to 
distinguish between true SNPs and false positives35,39,40. 
With all of the possible options available, the Illumina 
suite allows for a wide range of applications: genome 
sequencing through WGS or exome sequencing; epi-
genomics applications, such as ChIP–seq (chromatin 
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Two-fluorophore system
A system in which bases are 
discriminated by labelling Cs 
and Ts with a red or green 
fluorophore, respectively. Each 
A base is labelled with either a 
red or green fluorophore, but 
the two populations are mixed. 
During base discrimination, 
clusters that are either red or 
green are called either C or T, 
whereas clusters with a red and 
green mixed signal are called 
A. The G base is unlabelled, 
thus any cluster without a 
fluorophore signal is called G.

Homopolymer
A sequence run of identical 
bases.

Charge-coupled device
(CCD). A device composed of 
an integrated circuit that 
forms light-sensitive elements: 
pixels. When a photon interacts 
with the device, the light 
generates a charge that can 
be interpreted by an 
electronic device.

Integrated complementary 
metal-oxide-semiconductor
(CMOS). An integrated circuit 
design that is printed on a 
microchip that contains 
different types of 
semiconductor transistors to 
create a circuit that both uses 
very little power and is 
resistant to high levels of 
electronic noise.

immunoprecipi tation followed by sequencing)41, ATAC–
seq (assay for transposase- accessible chromatin using 
sequencing)42 or DNA methy lation sequencing (methyl-
seq)43; and transcriptomics applications through RNA 
sequencing (RNA-seq)44, to name a few. The two-colour 
labelling system used by the NextSeq and MiniSeq plat-
forms increases speed and reduces costs by reducing 
scanning to two colour channels and reducing fluoro-
phore usage. However, the two-channel system results 
in a slightly higher error profile and underperformance 
for low-diversity samples owing to more ambiguous 
base discrimi nation45. HiSeq X is currently the highest- 
throughput instrument available; however, as a con-
sequence of its optimization, it is limited to just a few 
applications, such as WGS and whole-genome bisulfite 
sequencing. HiSeq X is further limited as an all-purpose 
instrument owing to a required initial purchase of five 
or ten instruments (additional single instruments can 
be purchased after the initial commitment), placing this 
system out of reach of most facilities.

The Qiagen GeneReader is intended to be a clinical 
device with an explicit focus on cancer gene panels46; 
although this severely limits its possible applications, it is 
well optimized within its niche. With a reported several- 
day runtime, and the use of validated gene panels, it ful-
fils a similar role to the Illumina MiSeq46. Although no 
user data are available at this point, it is likely that the 
Qiagen GeneReader will share many of the same advan-
tages and disadvantages as the Illumina MiSeq platform 
at a potentially lower cost per gigabase sequenced.

Both the 454 and the Ion Torrent systems offer super-
ior read lengths compared to other short-read sequen-
cers with reads up to an average of 700 bp and 400 bp, 
respectively, providing some advantages for applications 
that focus on repetitive or complex DNA. However, as 
both of these platforms rely on SNA, they share many 

of the same drawbacks. Insertion and deletion (indel) 
errors dominate, although the overall error rate is on par 
with other NGS platforms in non-homopolymer regions. 
Homopolymer regions are problematic for these plat-
forms, which lack single-base accuracy in measuring 
homopolymers larger than 6–8 bp47,48. Unfortunately, 
whereas the Ion Torrent platform has kept pace with the 
rapidly evolving NGS field, the 454 platform has been 
unable to complete with other platforms in terms of yield 
or cost. This limitation has led Roche to discontinue the 
platform in 2016 (REF. 49).

The Ion Torrent platform offers several different 
types of chips and instruments to tune sequencer per-
formance to the needs of the researcher. The throughput 
of these chips ranges from ~50 Mb to 15 Gb, with run-
times between 2 and 7 hours, making it faster than most 
other current platforms. This makes the device well 
suited for gene-panel sequencing and for point-of-care 
clinical applications50, including transcriptome profil-
ing51 and splice site identification (although not to the 
level of long-read sequencers)51. Ion Torrent is attempt-
ing to capitalize on the growing interest in clini cal 
sequencing with the release of its dedi cated diagnos-
tic instruments: the Ion Personal Genome Machine 
(PGM) Dx and the Ion S5 series. When paired with the 
Ion Chef library preparation and chip loading device, 
the S5 series in particular aims to be one of the sim-
plest platforms to operate, eliminating the need for 
the argon required by other Ion Torrent instruments 
and establishing plug-and-play protocols. An impor-
tant disadvantage, however, is that although the Ion 
PGM Dx sequencer can support paired-end sequen-
cing52, the higher- throughput Ion Proton and S5 devices 
lack the ability to perform paired-end sequencing, thus 
limit ing their utility for elucidating long-range genomic 
or  transcriptomic structure53.

Long-read sequencing
Overview. It has become apparent that genomes are 
highly complex with many long repetitive elements, 
copy number alterations and structural variations that 
are relevant to evolution, adaptation and disease54–56. 
However, many of these complex elements are so long 
that short-read paired-end technologies are insufficient 
to resolve them. Long-read sequencing delivers reads in 
excess of several kilobases, allowing for the resolution of 
these large structural features. Such long reads can span 
complex or repetitive regions with a single continuous 
read, thus eliminating ambiguity in the positions or size 
of genomic elements. Long reads can also be useful for 
transcriptomic research, as they are capable of span-
ning entire mRNA transcripts, allowing researchers to 
identify the precise connectivity of exons and discern 
gene isoforms.

Currently, there are two main types of long-read tech-
nologies: single-molecule real-time sequencing approaches 
and synthetic approaches that rely on existing short-
read technologies to construct long reads in silico. The 
single-molecule approaches differ from short-read 
approaches in that they do not rely on a clonal popula-
tion of amplified DNA fragments to generate detectable 

Figure 2 | Sequencing by ligation methods. a | SOLiD sequencing. Following cluster 
generation or bead deposition onto a slide, fragments are sequenced by ligation, in 
which a fluorophore-labelled two-base-encoded probe, which is composed of known 
nucleotides in the first and second positions (dark blue), followed by degenerate or 
universal bases (pink), is added to the DNA library. The two-base probe is ligated onto an 
anchor (light purple) that is complementary to an adapter (red), and the slide is imaged 
to identify the first two bases in each fragment. Unextended strands are capped by 
unlabelled probes or phosphatase to maintain cycle synchronization. Finally, the terminal 
degenerate bases and the fluorophore are cleaved off the probe, leaving a 5 bp extended 
fragment. The process is repeated ten times until two out of every five bases are 
identified. At this point, the entire strand is reset by removing all of the ligated probes 
and the process of probe binding, ligation, imaging and cleavage is repeated four times, 
each with an n + 1, n + 2, n + 3 or n + 4 offset anchor. b | Complete Genomics. DNA is 
sequenced using the combinatorial probe –anchor ligation (cPAL) approach. After DNA 
nanoball deposition, an anchor complementary to one of four adapter sequences and a 
fluorophore-labelled probe are bound to each nanoball. The probe is degenerate at all 
but the first position. The anchor and probe are then ligated into position and imaged to 
identify the first base on either the 3′ or the 5′ side of the anchor. Next, the probe–anchor 
complex is removed and the process begins again with the same anchor but a different 
probe with the known base at the n + 1 position. This is repeated until five bases from the 
3′ end of the anchor and five bases from the 5′ end of the anchor are identified. Another 
round of hybridization occurs, this time using anchors with a five-base offset identifying 
an additional five bases on either side of the anchor. Finally, this whole process is 
repeated for each of the remaining three adapter sequences in the nanoball, generating 
100 bp paired-end reads.

◀

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 17 | JUNE 2016 | 339

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.

YM95NC Attachment -- Page 96



Nature Reviews | Genetics

Nucleotide addition 
Fluorophore-labelled, terminally blocked 
nucleotides hybridize to complementary 
base. Each cluster on a slide can 
incorporate a different base.

Imaging 
Slides are imaged with either two or 
four laser channels. Each cluster 
emits a colour corresponding to the 
base incorporated during this cycle. 

Cleavage 
Fluorophores are cleaved and washed 
from flow cells and the 3′-OH group 
is regenerated. A new cycle begins 
with the addition of new nucleotides. 

Cleavage 
Fluorophores are cleaved and washed 
from flow cells and the 3′-OH group 
is regenerated. A new cycle begins 
with the addition of new nucleotides. 

Nucleotide addition 
A mixture of fluorophore-labelled, 
terminally blocked nucleotides and 
unlabelled, blocked nucleotides hybridize 
to complementary bases. Each bead on a 
slide can incorporate a different base.

Imaging 
Slides are imaged with four laser 
channels. Each bead emits a 
colour corresponding to the base 
incorporated during this cycle, but 
only labelled bases emit a signal.
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Figure 3 | Sequencing by synthesis: cyclic reversible termination 
approaches. a | Illumina. After solid-phase template enrichment, a mixture 
of primers, DNA polymerase and modified nucleotides are added to the flow 
cell. Each nucleotide is blocked by a 3′-O-azidomethyl group and is labelled 
with a base-specific, cleavable fluorophore (F). During each cycle, fragments 
in each cluster will incorporate just one nucleotide as the blocked 3′ group 
prevents additional incorporations. After base incorporation, 
unincorporated bases are washed away and the slide is imaged by total 
internal reflection fluorescence (TIRF) microscopy using either two or four 
laser channels; the colour (or the lack or mixing of colours in the 
two-channel system used by NextSeq) identifies which base was 

incorporated in each cluster. The dye is then cleaved and the 3′-OH 
is regenerated with the reducing agent tris(2‑carboxyethyl)phosphine 
(TCEP). The cycle of nucleotide addition, elongation and cleavage can then 
begin again. b | Qiagen. After bead‑based template enrichment, a mixture 
of primers, DNA polymerase and modified nucleotides are added to the flow 
cell. Each nucleotide is blocked by a 3′-O-allyl group and some of the bases 
are labelled with a base-specific, cleavable fluorophore. After base 
incorporation, unincorporated bases are washed away and the slide is 
imaged by TIRF using four laser channels. The dye is then cleaved and the 
3′-OH is regenerated with the reducing agent mixture of palladium and 
P(PhSO3Na)3 (TPPTS).
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A

Pyrosequencing
As a base is incorporated, the release of an inorganic 
pyrophosphate triggers an enzyme cascade, resulting in light

Single nucleotide addition 
Only one dNTP species is present during 
each cycle; multiple identical dNTPs can be 
incorporated during a cycle, increasing 
emitted light 

a  454 pyrosequencing 
     (Roche)

Polymerase
APS PP

i

Light and oxyluciferin

ATP
Luciferin

ATP
sulfurylase

Luciferase

b  Ion Torrent 
     (Thermo Fisher)

V

H+

A T T
V

H+ H+

Semiconductor sequencing 
As a base is incorporated, a single 
H+ ion is released, which is detected 
by a CMOS–ISFET sensor

Single nucleotide addition 
Only one dNTP species is 
present during each cycle; 
several identical dNTPs can be 
incorporated during a cycle, 
increasing the emitted ions

Ion-sensitive field-effect 
transistor
(ISFET). A type of transistor 
that is sensitive to changes in 
ion concentration.

Single-end and paired-end 
sequencing
In single-end sequencing, a 
DNA template is sequenced 
only in one direction. In 
paired-end sequencing, a DNA 
template is sequenced from 
both sides; the forward and 
reverse reads may or may not 
overlap. A deviation in the 
expected genome alignment 
between two ends of a 
paired-end read can indicate 
astructural variation.

Structural variant
A variation larger than 
single-nucleotide 
polymorphisms (SNPs). This 
can include the insertion or 
deletion of blocks of DNA, 
inversions or translocations 
of DNA segments, and 
copy-number differences.

ChIP–seq
(Chromatin immunoprecipita-
tion followed by sequencing). 
A method used to analyse 
protein interactions with DNA 
by combining ChIP with 
massively parallel DNA 
sequencing to identify the 
binding sites of 
DNA-associated proteins.

ATAC–seq
(Assay for transposase- 
access ible chromatin with 
high-throughput sequencing). 
A method that uses the activity 
of a hyperactive transposase to 
cleave exposed DNA and add 
sequencing adapters. Regions 
that cannot be sequenced are 
inferred to be chromatin 
interacting.

RNA sequencing
(RNA-seq). A method of 
sequencing cDNA derived from 
RNA. This approach can be 
used to sequence both coding 
and non-coding RNA.

Real-time sequencing
A sequencing strategy used in 
the Pacific Biosciences (PacBio) 
and Oxford Nanopore 
Technologies (ONT) platforms. 
In these approaches there is no 
pause after the detection of a 
base or series of bases, thus 
the sequence is derived in 
real-time.

signal, nor do they require chemical cycling for each 
dNTP added. Alternatively, the synthetic approaches 
do not generate actual long-reads; rather, they are an 
approach to library preparation that leverages barcodes 
to allow computational assembly of a larger fragment.

Single-molecule long-read sequencing (PacBio and 
ONT). Currently, the most widely used long-read plat-
form is the single-molecule real-time (SMRT) sequen-
cing approach used by Pacific Biosciences (PacBio)57 
(FIG. 5a). The instrument uses a specialized flow cell 

Figure 4 | Sequencing by synthesis: single-nucleotide addition approaches. a | 454 pyrosequencing. After 
bead-based template enrichment, the beads are arrayed onto a microtitre plate along with primers and different beads 
that contain an enzyme cocktail. During the first cycle, a single nucleotide species is added to the plate and each 
complementary base is incorporated into a newly synthesized strand by a DNA polymerase. The by-product of this reaction 
is a pyrophosphate molecule (PPi). The PPi molecule, along with ATP sulfurylase, transforms adenosine 5′ phosphosulfate 
(APS) into ATP. ATP, in turn, is a cofactor for the conversion of luciferin to oxyluciferin by luciferase, for which the by-product 
is light. Finally, apyrase is used to degrade any unincorporated bases and the next base is added to the wells. Each burst of 
light, detected by a charge-coupled device (CCD) camera, can be attributed to the incorporation of one or more bases at a 
particular bead. b | Ion Torrent. After bead-based template enrichment, beads are carefully arrayed into a microtitre plate 
where one bead occupies a single reaction well. Nucleotide species are added to the wells one at a time and a standard 
elongation reaction is performed. As each base is incorporated, a single H+ ion is generated as a by-product. The H+ release 
results in a 0.02 unit change in pH, detected by an integrated complementary metal-oxide semiconductor (CMOS) and an 
ion-sensitive field-effect transistor (ISFET) device. After the introduction of a single nucleotide species, the unincorporated 
bases are washed away and the next is added. Part a is adapted from REF. 18, Nature Publishing Group.
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Table 1 | Summary of NGS platforms

Platform Read length 
(bp)

Throughput Reads Runtime Error profile Instrument 
cost (US$)

Cost per Gb 
(US$, approx.)

Sequencing by ligation

SOLiD 5500 
Wildfire

50 (SE) 80 Gb ~700 M* 6 d* ≤0.1%, AT bias‡ NA§ $130‡

75 (SE) 120 Gb

50 (SE)* 160 Gb*

SOLiD 5500 xl 50 (SE) 160 Gb ~1.4 B* 10 d* ≤0.1%, AT bias‡ $251,000‡ $70‡

75 (SE) 240 Gb

50 (SE)* 320 Gb*

BGISEQ-500 
FCS155

50–100 (SE/PE)* 8–40 Gb* NA|| 24 h* ≤0.1%, AT bias‡ $250 
(REF. 155)

NA||

BGISEQ-500 
FCL155

50–100 (SE/PE)* 40–200 Gb* NA|| 24 h* ≤0.1%, AT bias‡ $250,000 
(REF. 155)

NA||

Sequencing by synthesis: CRT

Illumina MiniSeq 
Mid output

150 (SE)* 2.1–2.4 Gb* 14–16 M* 17 h* <1%, 
substitution‡

$50,000 
(REF. 118)

$200–300 
(REF. 118)

Illumina MiniSeq 
High output

75 (SE) 1.6–1.8 Gb 22–25 M (SE)* 7 h <1%, 
substitution‡

$50,000 
(REF. 118)

$200–300 
(REF. 118)

75 (PE) 3.3–3.7 Gb 44–50 M (PE)* 13 h

150 (PE)* 6.6–7.5 Gb* 24 h*

Illumina MiSeq v2 36 (SE) 540–610 Mb 12–15 M (SE) 4 h 0.1%, 
substitution‡

$99,000‡ ~$1,000

25 (PE) 750–850 Mb 24–30 M (PE)* 5.5 h $996

150 (PE) 4.5–5.1 Gb 24 h $212

250 (PE)* 7.5–8.5 Gb* 39 h* $142‡

Illumina MiSeq v3 75 (PE) 3.3–3.8 Gb 44–50 M (PE)* 21–56 h* 0.1%, 
substitution‡

$99,000‡ $250

300 (PE)* 13.2–15 Gb* $110‡

Illumina NextSeq 
500/550 Mid 
output

75 (PE) 16–20 Gb Up to 260 M (PE)* 15 h <1%, 
substitution‡

$250‡ $42

150 (PE)* 32–40 Gb* 26 h* $40‡

Illumina NextSeq 
500/550 High 
output

75 (SE) 25–30 Gb 400 M (SE)* 11 h <1%, 
substitution‡

$250‡ $43

75 (PE) 50–60 Gb 800 M (PE)* 18 h $41

150 (PE)* 100–120 Gb* 29 h* $33‡

Illumina 
HiSeq2500 v2 
Rapid run

36 (SE) 9–11Gb 300 M (SE)* 7 h 0.1%, 
substitution‡

$690‡ $230

50 (PE) 25–30 Gb 600 M (PE)* 16 h $90

100 (PE) 50–60 Gb 27 h $52

150 (PE) 75–90 Gb 40 h $45

250 (PE)* 125–150 Gb* 60 h* $40‡

Illumina 
HiSeq2500 v3

36 (SE) 47–52 Gb 1.5 B (SE) 2 d 0.1%, 
substitution‡

$690‡ $180

50 (PE) 135–150 Gb 3 B (PE)* 5.5 d $78

100 (PE)* 270–300 Gb 11 d* $45‡

Illumina 
HiSeq2500 v4

36 (SE) 64–72 Gb 2 B (SE) 29 h 0.1%, 
substitution‡

$690‡ $150

50 (PE) 180–200 Gb 4 B (PE)* 2.5 d $58

100 (PE) 360–400 Gb 5 d $45

125 (PE)* 450–500 Gb* 6 d* $30‡

Illumina 
HiSeq3000/4000

50 (SE) 105–125 Gb 2.5 B (SE)* 1–3.5 d* 0.1%, 
substitution‡

$740/$900 
(REF. 156)

$50

75 (PE) 325–375 Gb $31

150 (PE)* 650–750 Gb* $22 (REF. 157)
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Table 1 (cont.) | Summary of NGS platforms

Platform Read length 
(bp)

Throughput Reads Runtime Error profile Instrument 
cost (US$)

Cost per Gb 
(US$, approx.)

Sequencing by synthesis: SNA (cont.)

Illumina HiSeq X 150 (PE)* 800–900 Gb per flow 
cell*

2.6–3 B (PE)* <3 d* 0.1%, 
substitution‡

$1,000‡,¶ $7.0‡

Qiagen 
GeneReader

NA|| 12 genes; 1,250 
mutations22

NA|| Several 
days22

Similar to other 
SBS systems22

NA|| $400–$600 per 
panel22

Sequencing by synthesis: SNA

454 GS Junior Up to 600; 400 
average (SE, PE)*

35 Mb* ~0.1 M* 10 h* 1%, indel‡ NA§ $40,000‡

454 GS Junior+ Up to 1,000; 700 
average (SE, PE)*

70 Mb* ~0.1 M* 18 h* 1%, indel‡ $108,000‡ $19,500‡

454 GS FLX 
Titanium XLR70

Up to 600; 450 
mode (SE, PE)*

450 Mb* ~1 M* 10 h* 1%, indel‡ NA§ $15,500‡

454 GS FLX 
Titanium XL+

Up to 1,000; 700 
mode (SE, PE)*

700 Mb* ~1 M* 23 h* 1%, indel‡ $450,000‡ $9,500‡

Ion PGM 314 200 (SE) 30–50 400,000–550,000* 23 h 1%, indel‡ $49‡ $25–3,500‡

400 (SE) 60–100 Mb* 3.7 h*

Ion PGM 316 200 (SE) 300–500 Mb 2–3 M* 3 h 1%, indel‡ $49‡ $700–1,000‡

400 (SE)* 600 Mb–1 Gb* 4.9 h*

Ion PGM 318 200 (SE) 600 Mb–1 Gb 4–5.5 M* 4 h 1%, indel‡ $49‡ $450–800‡

400 (SE)* 1–2 Gb* 7.3 h*

Ion Proton Up to 200 (SE) Up to 10 Gb* 60–80 M* 2–4 h* 1%, indel‡ $224‡ $80‡

Ion S5 520 200 (SE) 600 Mb–1 Gb 3–5 M* 2.5 h 1%, indel‡ $65 (REF. 158) $2,400*

400 (SE)* 1.2–2 Gb* 4 h* $1,200*

Ion S5 530 200 (SE) 3–4 Gb 15–20 M* 2.5 h 1%, indel‡ $65 (REF. 158) $950*

400 (SE)* 6–8 Gb* 4 h* $475*

Ion S5 540 200 (SE)* 10–15 Gb* 60–80 M* 2.5 h* 1%, indel‡ $65 (REF. 158) $300*

Single-molecule real-time long reads

Pacific 
BioSciences RS II

~20 Kb 500 Mb–1 Gb* ~55,000* 4 h* 13% single pass, 
≤1% circular 
consensus read, 
indel‡

$695‡ $1,000‡

Pacific 
Biosciences 
Sequel

8–12 Kb69 3.5–7 Gb* ~350,000* 0.5–6 h* NA|| $350 (REF. 69) NA||

Oxford Nanopore 
MK 1 MinION

Up to 200 Kb159 Up to 1.5 Gb159 >100,000 
(REF. 159)

Up to 
48 h160

~12%, indel159 $1,000* $750*

Oxford Nanopore 
PromethION

NA|| Up to 4 Tb* NA|| NA|| NA|| $75* NA||

Synthetic long reads

Illumina 
Synthetic 
Long-Read

~100 Kb 
synthetic length*

See HiSeq 2500 See HiSeq 2500 See 
HiSeq 
2500

See HiSeq 2500 
(possible 
barcoding and 
partitioning 
errors)

No additional 
instrument 
required

~$1,000*

10X Genomics Up to 100 Kb 
synthetic length*

See HiSeq 2500 See HiSeq 2500 See 
HiSeq 
2500

See HiSeq 
2500 (possible 
barcoding and 
partitioning 
errors)

$75 
(REFS 72,161)

See HiSeq 2500 
+$500 per 
sample161

Approx., approximate; AT, adenine and thymine; B, billion; bp, base pairs; d, days; Gb, gigabase pairs; h, hours; indel, insertions and deletions; Kb, kilobase pairs; 
M, million; Mb, megabase pairs; NA, not available; PE, paired‑end sequencing; SBS, sequencing by synthesis; SE, single‑end sequencing; Tb, terabase pairs. 
*Manufacturer’s data. ‡Rounded from Field Guide to next-generation DNA sequencers160 and 2014 update. §Not available as this instrument will be discontinued 
or only available as an upgraded version. ||As this product has been developed only recently, this information is not available. ¶Not available as a single instrument.
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ZMW wells 
Sites where 
sequencing 
takes place

Labelled nucleotides
All four dNTPs are 
labelled and available 
for incorporation

Modified polymerase 
As a nucleotide is 
incorporated by the 
polymerase, a camera 
records the emitted light

Alpha-hemolysin
A large biological pore 
capable of sensing DNA 

Current
Passes through the pore 
and is modulated as 
DNA passes through 

Leader–Hairpin template 
The leader sequence interacts 
with the pore and a motor 
protein to direct DNA, 
a hairpin allows for 
bidirectional sequencing 

SMRTbell template
Two hairpin adapters 
allow continuous 
circular sequencing 

M
ea

n 
Si

gn
al

 
(p

A
)

Aa  Pacific Biosciences Ab  Oxford Nanopore Technologies 

10 2 3 4
Time (seconds)

PacBio output
A camera records the changing 
colours from all ZMWs; each 
colour change corresponds to 
one base

ONT output (squiggles)
Each current shift as DNA 
translocates through the 
pore corresponds to a 
particular k-mer

+

–
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Enzymatic cleavage 
DNA is barcoded and 
fragmented to ~350 bp 

Barcodes
DNA from the same well shares the same barcode

DNA fragment
DNA is fragmented and 
selected to ~10 kb

Pooling 
DNA from 
each well is 
pooled and 
undergoes 
a standard 
library 
preparation 

Sequencing
DNA is sequenced on 
a standard short-read 
sequencer 

Emulsion PCR 
Arbitrarily long DNA 
is mixed with  beads 
loaded with 
barcoded primers, 
enzyme and dNTPs

Linked reads
•  All reads from the same GEM derive from the long fragment, thus 
they are linked
•  Reads are dispersed across the long fragment and no GEM achieves 
full coverage of a fragment
•  Stacking of linked reads from the same loci achieves continuous 
coverage

Bb  10X Genomics Ba  Illumina

GEMs
Each micelle 
has 1 barcode 
out of 750,000

Amplification 
Long fragments are 
amplified such that the 
product is a barcoded 
fragment ~350 bp

Pooling 
The emulsion is 
broken and DNA is 
pooled, then it 
undergoes a standard 
library preparation 

~3,000
molecules
per well

A1 A2

Motor
protein

A  Real-time long-read sequencing

B  Synthetic long-read sequencing
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with many thousands of individual picolitre wells with 
transparent bottoms — zero-mode waveguides (ZMW)58. 
Whereas short-read SBS technologies bind the DNA 
and allow the polymerase to travel along the DNA tem-
plate, PacBio fixes the polymerase to the bottom of the 
well and allows the DNA strand to progress through the 
ZMW. By having a constant location of incorporation 
owing to the stationary enzyme, the system can focus on 
a single molecule. dNTP incorporation on each single- 
molecule template per well is continuously visualized 
with a laser and camera system that records the colour 
and duration of emitted light as the labelled nucleotide 
momentarily pauses during incorporation at the bottom 
of the ZMW. The polymerase cleaves the dNTP-bound 

fluorophore during incorporation, allowing it to dif-
fuse away from the sensor area before the next labelled 
dNTP is incorporated. The SMRT platform also uses a 
unique circular template that allows each template to be 
sequenced multiple times as the polymerase repeatedly 
traverses the circular molecule. Although it is difficult 
for DNA templates longer than ~3 kb to be sequenced 
multiple times, shorter DNA templates can be sequenced 
many times as a function of template length57,59. These 
multiple passes are used to generate a consensus read 
of insert, known as a circular consensus sequence (CCS).

In 2014, the first consumer prototype of a nano-
pore sequencer — the MinION from Oxford Nanopore 
Technologies (ONT) — became available. Unlike other 
platforms, nanopore sequencers do not monitor incor-
porations or hybridizations of nucleotides guided by a 
template DNA strand. Whereas other platforms use a 
secondary signal, light, colour or pH, nanopore sequen-
cers directly detect the DNA composition of a native 
ssDNA molecule. To carry out sequencing, DNA is 
passed through a protein pore as current is passed 
through the pore60 (FIG. 5b). As the DNA translocates 
through the action of a secondary motor protein, a volt-
age blockade occurs that modulates the current passing 
through the pore. The temporal tracing of these charges 
is called squiggle space, and shifts in voltage are charac-
teristic of the particular DNA sequence in the pore, 
which can then be interpreted as a k-mer. Rather than 
having 1–4 possible signals, the instrument has more 
than 1,000 — one for each possible k-mer, especially 
when modified bases present on native DNA are taken 
into account. The current MK1 MinION flow cell struc-
ture is composed of an application-specific integrated 
circuit (ASIC) chip with 512 individual channels that 
are capable of sequen cing at ~70 bp per second, with 
an expected increase to 500 bp per second in 2016. The 
upcoming PromethION instrument is intended to be 
an ultra-high-throughput platform reported to include 
48 individual flow cells, each with 3,000 pores running 
at 500 bp per second. This works out to ~2–4 Tb for a 
2-day run on a fully loaded device, placing this device in 
potential competition with Illumina’s HiSeq X. Similar to 
the circular template used by PacBio, the ONT MinION 
uses a leader– hairpin library structure. This allows the 
forward DNA strand to pass through the pore, followed 
by a hairpin that links the two strands, and finally the 
reverse strand. This generates 1D and 2D reads in which 
both ‘1D’ strands can be aligned to create a consensus 
sequence ‘2D’ read.

Synthetic long-reads. Unlike true sequencing platforms, 
synthetic long-read technology relies on a system of 
barcoding to associate fragments that are sequenced on 
existing short-read sequencers61. These approaches par-
tition large DNA fragments into either microtitre wells 
or an emulsion such that very few molecules exist in 
each partition. Within each partition the template frag-
ments are sheared and barcoded. This approach allows 
for sequencing on existing short-read instrumentation, 
after which data are split by barcode and reassembled 
with the knowledge that fragments sharing barcodes 

Barcodes
A series of known bases 
added to a template molecule 
either through ligation or 
amplification. After 
sequencing, these barcodes 
can be used to identify which 
sample a particular read is 
derived from.

Figure 5 | Real-time and synthetic long-read sequencing approaches. 
A | Real‑time long‑read sequencing platforms. Aa | Single-molecule real-time (SMRT) 
sequencing from Pacific Biosciences (PacBio). Template fragments are processed and 
ligated to hairpin adapters at each end, resulting in a circular DNA molecule with 
constant single-stranded DNA (ssDNA) regions at each end with the double-stranded 
DNA (dsDNA) template in the middle. The resulting ‘SMRTbell’ template undergoes a 
size-selection protocol in which fragments that are too large or too small are removed 
to ensure efficient sequencing. Primers and an efficient φ29 DNA polymerase are 
attached to the ssDNA regions of the SMRTbell. The prepared library is then added to 
the zero-mode waveguide (ZMW) SMRT cell, where sequencing can take place. To 
visualize sequencing, a mixture of labelled nucleotides is added; as the 
polymerase-bound DNA library sits in one of the wells in the SMRT cell, the polymerase 
incorporates a fluorophore-labelled nucleotide into an elongating DNA strand. During 
incorporation, the nucleotide momentarily pauses through the activity of the 
polymerase at the bottom of the ZMW, which is being monitored by a camera. 
Ab | Oxford Nanopore Technologies (ONT). DNA is initially fragmented to 8–10 kb. Two 
different adapters, a leader and a hairpin, are ligated to either end of the fragmented 
dsDNA. Currently, there is no method to direct the adapters to a particular end of the 
DNA molecule, so there are three possible library conformations: leader  –leader, leader–
hairpin and hairpin–hairpin. The leader adapter is a double-stranded adapter 
containing a sequence required to direct the DNA into the pore and a tether sequence 
to help direct the DNA to the membrane surface. Without this leader adapter, there is 
minimal interaction of the DNA with the pore, which prevents any hairpin–hairpin 
fragments from being sequenced. The ideal library conformation is the leader–hairpin. 
In this conformation the leader sequence directs the DNA fragment to the pore with 
current passing through. As the DNA translocates through the pore, a characteristic 
shift in voltage through the pore is observed. Various parameters, including the 
magnitude and duration of the shift, are recorded and can be interpreted as a particular 
k-mer sequence. As the next base passes into the pore, a new k-mer modulates the 
voltage and is identified. At the hairpin, the DNA continues to be translocated through 
the pore adapter and onto the complement strand. This allows the forward and reverse 
strands to be used to create a consensus sequence called a ‘2D’ read. B | Synthetic 
long-read sequencing platforms. Ba | Illumina. Genomic DNA templates are fragmented 
to 8–10 kb pieces. They are then partitioned into a microtitre plate such that there are 
around 3,000 templates in a single well. Within the plate, each fragment is sheared to 
around 350 bp and barcoded with a single barcode per well. The DNA can then be 
pooled and sent through standard short-read pipelines. Bb | 10X Genomics’ 
emulsion-based sequencing. With as little as 1 ng of starting material, the GemCode 
can partition arbitrarily large DNA fragments, up to ~100 kb, into micelles (also called 
‘GEMs’) along with gel beads containing adapter and barcode sequences. The GEMs 
typically contain ~0.3× copies of the genome and 1 unique barcode out of 750,000. 
Within each GEM, the gel bead dissolves and smaller fragments of DNA are amplified 
from the original large fragments, each with a barcode identifying the source GEM. 
After sequencing, the reads are aligned and linked together to form a series of anchored 
fragments across a span of ~50 kb. Unlike the Illumina system, this approach does not 
attempt to get full end-to-end coverage of a single DNA fragment. Instead, the reads 
from a single GEM are dispersed across the original DNA fragment and the cumulative 
coverage is derived from multiple GEMs with dispersed — but linked — reads. Part Aa is 
adapted from REF. 18, Nature Publishing Group. Part Ba is adapted from REF. 62.
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are derived from the same original large fragment62. 
Similar to an earlier technology, BAC-by-BAC sequencing, 
synthetic barcoded reads provide an association among 
small fragments derived from a larger one. By segre-
gating the fragments, repetitive or complicated regions 
can be isolated, allowing each to be assembled locally. 
This prevents unresolvable branch points in the assem-
blies, which lead to breaks (gaps) and shorter assembled 
 contiguous sequences.

There are currently two systems available for gen-
erating synthetic long-reads: the Illumina synthetic 
long-read sequencing platform (FIG. 5c) and the 10X 
Genomics emulsion-based system (FIG. 5d). The Illumina 
system (formerly Moleculo) partitions DNA into a 
microtitre plate and does not require specialized instru-
mentation. However, the 10X Genomics instruments 
(GemCode and Chromium) use emulsion to partition 
DNA and require the use of a microfluidic instrument 
to perform pre-sequencing reactions. With as little as 
1 ng of starting material, the 10X Genomics instruments 
can partition arbitrarily large DNA fragments, up to 
~100 kb, into micelles called ‘GEMs’, which typically 
contain ≤0.3× copies of the genome and one unique 
barcode. Within each GEM, a gel bead dissolves and 
smaller fragments of DNA are amplified from the orig-
inal large fragments, each with a barcode identifying the 
source GEM. After sequencing, the reads are aligned 
and linked together to form a series of anchored frag-
ments across the span of the original fragment. Unlike 
the Illumina system, this approach does not attempt 
gapless, end-to-end coverage of a single DNA fragment. 
Instead it relies on linked reads, in which dispersed, small 
fragments that are derived from a single long molecule 
share a communal barcode. Although these fragments 
leave segments of the original large molecule without 
any coverage, the gaps are overcome by ensuring that 
there are many long fragments from the same genomic 
region in the initial preparation, thus generating a read 
cloud wherein linked reads from each long fragment can 
be stacked,  combining their individual coverage into an 
overall map (FIG. 5d).

Comparison of single-molecule and synthetic long-
read sequencing. There is growing interest in the field 
of long-read sequencing, and each system has its own 
advantages and drawbacks (TABLE 1). Currently, the 
most widely used instrument in long-read sequencing 
is the PacBio RS II instrument. This device is capable 
of generating single polymerase reads in excess of 50 kb 
with average read lengths of 10–15 kb for a long-insert 
library. Such properties are ideal for de novo genome 
assembly applications63, for revealing complex long-
range genomic structures64 and for full-length transcript 
sequencing. There are, however, several notable limita-
tions. The single- pass error rate for long reads is as high 
as 15% with indel errors dominating65, raising concerns 
about the utility of the instrument66. Fortunately, these 
errors are randomly distributed within each read and 
hence sufficiently high coverage can overcome the high 
error rate67. The use of a circular template by PacBio also 
provides a level of error correction. The more frequently 

a single molecule is sequenced, the higher the result-
ing accuracy — up to ~99.999% for insert sequences 
derived from at least 10 subreads59,68.This high accuracy 
rivals that of Sanger sequencing, leading researchers to 
speculate that this technology can be used in a man-
ner analogous to Sanger-based SNP validation65. The 
runtimes and throughput of this instrument can be 
tuned by controlling the length of time for which the 
sensor monitors the ZMW; longer templates require 
longer times. For example, a 1 kb library that is run for 
1 hour will generate around 7,500 bases of sequence per 
molecule, with an average of 8 passes, whereas a 4-hour 
run will generate around 30,000 bases per molecule 
and ~30 passes. Conversely, a 10 kb library requires a 
4-hour run to generate ~30,000 bases with ~3 passes. 
The limited throughput and high costs of PacBio RS II 
(around $1,000 per Gb), in addition to the need for high 
coverage, place this instrument out of reach of many 
small laboratories. However, in an attempt to ameliorate 
these concerns, PacBio has launched the Sequel System, 
which reportedly has a throughput 7× that of the RS II, 
thus halving the cost of sequencing a human genome at 
30× coverage69.

The ONT MinION is a small (~3 cm × 10 cm for the 
MK1) USB-based device that runs off a personal com-
puter, giving it the smallest footprint of any current 
sequencing platform. This affords the MinION super-
ior portability, highlighting its utility for rapid clinical 
responses and hard-to-reach field locations. Although 
substantial adjunct equipment is still required for library 
preparation (for instance, a thermocycler), improve-
ments in library preparation and equipment optimiza-
tion could conceivably reduce the space required for a 
fully functional sequencing system to the size of a single 
bag of luggage. Unlike other platforms, the MinION 
has few constraints on the size of the fragments to be 
sequenced. In theory, a DNA molecule of any size can 
be sequenced on the device, but in practice there are 
some limitations when dealing with ultra-long frag-
ments70. As a consequence of the unique nature of the 
ONT technology, in which there are more than 1,000 
distinct signals, ONT MinION has a large error rate — 
up to 30% for a 1D read — and is dominated by indel 
errors. Effective homopolymer sequencing also remains 
a challenge for ONT MinION. When a homopolymer 
exceeds the k-mer length, it can be difficult to identify 
when one k-mer leaves the pore and another k-mer 
enters. Modified bases also pose a challenge to the 
device, as a modified base will alter the typical voltage 
shift for a given k-mer. Fortunately, recent improvements 
in the chemistry and the base calling algorithms are 
 improving accuracy71.

The Illumina synthetic long-read approaches are a 
direct response to the costs, error rates and throughput 
of true long-read sequencers. Relying on the existing 
Illumina infrastructure affords researchers the abil-
ity to simply purchase a kit for long-read sequencing. 
Accordingly, the throughput and error profile are iden-
tical to those of current Illumina devices. However, 
as a consequence of how the DNA is partitioned, 
the system requires more coverage than is required 

Zero-mode waveguides
(ZMW). Nanostructure devices 
used in the Pacific Biosciences 
(PacBio) platform. Each ZMW 
well (also called a waveguide) is 
several nanometres in 
diameter and is anchored to a 
glass substrate. The size of 
each well does not allow for 
light propagation, thus the 
fluorophores bound to bases 
can only be visualized through 
the glass substrate in the 
bottom-most portion of the 
well, a volume in the zeptolitre 
range.

Read of insert
The highest-quality single 
sequence for an insert, 
regardless of the number of 
passes.

Consensus sequence
In next-generation sequencing 
(NGS) routines that allow 
multiple overlapping reads 
from a single molecule of DNA, 
all related reads are aligned to 
each other and the most likely 
base at each position is 
determined. This process helps 
to overcome high, single-pass 
error rates. A high-quality 
consensus sequence derived 
from the circular template from 
Pacific Biosciences (PacBio) is 
called a circular consensus 
sequence (CCS).

Squiggle space
A system exclusively used by 
Oxford Nanopore Technologies 
(ONT). As DNA translocates 
through the pore, a shift in 
voltage occurs that is directly 
correlated to a k-mer within 
the pore. Thus, the signal 
derived from a nanopore run is 
a continuous series of voltage 
shifts (squiggles) that represent 
a series of overlapping k-mers.

K-mer
A substring within a sequence 
of bases of some (k) length. 
Currently, k-mer sizes of 
Oxford Nanopore Technologies 
(ONT) range from 3 to 6 bases.

1D and 2D reads
Oxford Nanopore Technologies 
(ONT) sequencing allows for 
both the full forward and full 
reverse strand of a 
double-stranded DNA (dsDNA) 
molecule to be sequenced and 
associated. A 1D read is the 
sequence of DNA bases 
derived from either the forward 
or reverse DNA strand. A 2D 
read is a consensus sequence 
derived from both the forward 
and the reverse reads.
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for a typical short-read project, thus increasing the 
costs associated with this technology relative to other 
Illumina applications62.

Like the Illumina synthetic long-read platform, 
the 10X Genomics emulsion-based platform relies on 
an existing short-read infrastructure to provide the 
sequencing. The microfluidic instrument is a one-time 
additional equipment cost, and the emulsion approach 
used allows for as little as 1 ng of starting material, which 
can be beneficial for situations in which the DNA is pre-
cious, such as biopsy samples. Currently, data output 
from the GemCode instrument is partially limited by 
the number of barcodes used and the somewhat ineffi-
cient DNA partitioning. Inefficient partitioning can lead 
to a surplus of DNA fragments within a droplet, thus 
complicating sequence deconvolution, which is further 
exacerbated by the limited number of barcodes. Both 
of these conditions lead to ambiguity regarding the 
positional relationship between reads sharing the same 
barcode, making analysis more difficult. To rectify this, 
10X Genomics plans to release the Chromium System 
in mid-2016; this will be an upgrade from the GemCode 
device. Although the chemistry will remain fundamen-
tally the same, the number of possible micelle partitions 
will increase from 100,000 to 1 million, and the number 
of barcodes will increase from 750,000 to ~4 million72.

Applications
WGS is becoming one of the most widely used appli-
cations in NGS. Through this technology, researchers 
can obtain the most comprehensive view of genomic 
information and associated biological implications73. For 
example, in 2012, Ellis et al.74 published an exploration of 
the interactions between genes and aromatase inhibitor 
therapy in patients with breast cancer. They outlined a 
range of correlations between mutations, outcomes and 
clinical features, as well as mutational enrichment in 
genes linked to other cancers, providing additional sup-
port for the idea that breast cancer is a highly complex 
pathology with variable phenotypes that are based on 
different repertoires of mutations75. However, the recent 
diversification of NGS platforms has revealed new and 
more ambitious opportunities that were not possible 
just a few years ago. In 2010, the 1000 Genomes Project 
released its initial results from WGS of 179 individuals 
and targeted sequencing of 697 individuals76. As of 2015, 
the genomes of 2,504 people from 26 different popula-
tions have been reconstructed77,78, providing an unparal-
leled insight into human variation on a population level, 
and projects to sequence even larger sets of people are 
nearing completion or are underway79–81. Population-
level sequencing is proving to be an essential tool in 
understanding human disease, with exciting results. 
In one example, Sidore et al.82 performed WGS on 2,120 
Sardinians and discovered new loci for lipid levels and 
inflammatory markers, providing greater insight into the 
mechanisms driving blood cholesterol levels.

Whole-exome and targeted sequencing83 are also prov-
ing invaluable to sequencing research. By limiting the 
size of the genomic material used, more individual 
samples can be sequenced within a sequencing run, 

which can increase both the breadth and the depth of a 
genomic study. Using exome sequencing, Iossifov et al.84 
sequenced more than 2,500 simplex families, each with 
a child who was diagnosed with autism spectrum dis-
order (ASD), and they discovered de novo missense 
mutations, de novo gene-disrupting mutations and copy 
number variants in ~30% of all cases. This and other 
work regarding the classes of genes mutated is provid-
ing a framework for possible causes of ASD85,86. There is 
also increasing evidence that even high-coverage WGS 
is inadequate to resolve all variants in complex and/or 
limited material clinical samples. In 2015, Griffith et al.87 
demonstrated the use of an integrated, cross-platform 
approach (including targeted sequencing) to identify 
high-confidence SNPs from tumour samples. In this 
approach, the authors demonstrated that coverage as 
high as 10,000× can be required to validate rare variants. 
Although such high coverage is prohibitive for WGS, 
targeted sequencing approaches are uniquely suited for 
clinical applications.

NGS is also providing insight into the regulatory 
mechanisms of the genome. Protein–DNA interactions 
can be probed by enriching for protein-interacting DNA 
fragments, often through immunoprecipitation as in 
the case of ChIP–seq41. Conversely, ATAC–seq uses a 
hyperactive transposase to generate short-read NGS-
compatible DNA fragments from regions unprotected 
by proteins or nucleosomes42. Analysis of modified bases 
is also possible. For example, methyl-seq involves the 
capture and enrichment of methylated DNA88, selective 
digestion of methylated or unmethylated regions89,90, 
and/or modification of a methylated base such that it 
introduces a SNP into the DNA sequence91. Although 
important discoveries have been made using these 
approaches, limitations exist, which are primarily 
derived from the modification or capture process. In 
2010, Flusberg et al.92 published a proof-of-concept study 
of using PacBio to discriminate between methylated and 
un-methylated bases, as well as between methylated 
adenine and methylated cytosine. As the poly merase 
attempts to elongate DNA containing modified bases, 
it pauses for longer at modified sites compared with 
unmodified controls, increasing a metric called the 
interpulse duration and thus indicating the presence of 
a modified base. Similarly, nanopore platforms also show 
promise for the direct detection of modified bases, as the 
characteristic shift in voltage across the pore is modu-
lated by base modifications, allowing for discrimination 
without the need for chemical manipulations93.

A recent paradigm shift in NGS is the ability to 
sequence very long stretches of DNA. Repetitive and 
complex regions have historically been difficult to 
assemble and resolve using short-read sequencing 
approaches94–96. Recently, using long-read sequencing 
technology, Chaisson et al.97 were able to add more 
than 1 Mb of novel sequence to the human GRCh37 
reference genome through gap closure and extension, 
and they identified >26,000 indels that were ≥50 bp in 
length, providing one of the most comprehensive ref-
erence genomes available. Beyond simply improving 
reference genomes, long reads are proving to be more 

BAC-by-BAC sequencing
A sequencing method where a 
physical map is generated 
from overlapping bacterial 
artificial chromosome (BAC) 
clones tiled across a 
chromosome. Each BAC is then 
fragmented and sequenced. 
The sequenced fragments are 
aligned with the knowledge of 
the originating BAC.

Linked reads
Reads derived from the 10X 
Genomics synthetic long-read 
platform. These are 
discontinuous reads each 
sharing the same barcode, thus 
they are derived from the same 
original long molecule.

Read cloud
The means by which the 10X 
Genomics platform determines 
a synthetic long read. 
Discontinuous linked reads 
from the same genomic region 
are aligned to each other. No 
single linked read contains the 
entire long sequence; however, 
when they are stacked, full 
coverage is achieved.

Polymerase reads
Contiguous sequences of 
nucleotides incorporated by 
the DNA polymerase while 
reading a template. These 
reads include sequences from 
adapters and can represent 
sequences from multiple 
passes around a circular 
template.

Single-pass
The single-molecule real-time 
(SMRT) sequencing approach 
from Pacific Biosciences 
(PacBio) enables a single 
molecule of DNA to be 
sequenced multiple times. 
A single pass is one single 
iteration through a molecule.

Subreads
The sequences derived from a 
single pass as a polymerase 
traverses a DNA molecule 
multiple times. A subread is 
trimmed to exclude any 
adapter sequence.

Whole-exome and targeted 
sequencing
Sequencing of only exons 
or other selected regions. 
A system of capture or 
amplification is used to isolate 
or enrich for only exons or 
target regions. This is done by 
designing probes or primers 
for the regions of interest.
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effective in identifying clinically relevant structural vari-
ation than short-read approaches98. Furthermore, syn-
thetic approaches are enhancing the ability of researches 
to phase genomes99. In 2014, Kuleshov et al.100 showed 
how synthetic approaches can reduce the coverage 
required for genome phasing99 by 10-fold while also phas-
ing up to 99% of all SNPs. This allows researchers to 
track the history of a mutation across generations — an 
essential tool for family studies.

Transcriptomic research has also benefited from 
greater accessibility to NGS. Today, researchers are lev-
eraging the power of NGS to deeply sequence down to 
single-transcript sensitivity. In 2014, Treutlein et al.101 
demonstrated the power of single-cell RNA-seq to 
charac terize different cell populations in developing tis-
sue and to discover new markers for cell subpopulations. 
Although long-read approaches currently lack the ability 
to effectively measure transcript abundance levels, long 
reads provide superior performance for detecting tran-
scriptomic structure51. For example, a recent long-read 
profile of the human transcriptome showed that >10% of 
the reads represented novel splice isoforms102.

The newest instrument in the NGS landscape, the 
nanopore sequencer, is still in the process of finding 
its niche in the field. Nevertheless, researchers are cap-
italizing on its rapid library preparation time, real-time 
generation of data and its small size. Recently, research-
ers at the Stanley Royd Hospital in the United Kingdom 
used MinION sequencing to monitor an outbreak of 
Salmonella enterica. Using phylogenetic placement, the 
authors were able to unambiguously identify the serovar 
within 50 minutes after the start of sequencing, indicat-
ing that the MinION device is a viable platform for rapid 
pathogen profiling103. Perhaps one of the most striking 
applications of MinION sequencing in the field was its 
use during the 2014 Ebola outbreak, which is outlined 
in Quick et al.104. Under the auspices of the European 
Mobile Laboratories in Guinea, the authors were able to 
monitor the transmission history and evolution of the 
Ebola virus as the outbreak unfolded.

Closing remarks
We are sitting at the cusp of a new revolution in NGS 
technologies. Rather than being a novelty, NGS tech-
nologies are now a routine part of biological research. 
The advent of ultra-high-throughput sequencing is pro-
pelling research that was considered impossible only a 
few years ago and is becoming more widespread within 
the clinical sector. This includes recent precision medi-
cine initiatives105 and plans from Illumina to develop a 
pan-cancer screening method using circulating tumour 
DNA106, each with goals of sequencing tens of thousands 
of genomes. Thus, rapid and low-cost sequencing is 
providing physicians with the tools needed to translate 
genomic information into clinically actionable results.

This revolution brings with it a new set of challenges. 
As NGS aims to be ubiquitous in the clinical setting, time 
remains a challenge. In cases of serious neonatal disease 
and aggressive cancer, the weeks it can take for WGS data 
generation and analysis can be the difference between 
success and failure. In the case of aggressive infections, 

that time is reduced to mere days. Although substantial 
advances have been made in reducing response time, 
most of the current systems do not yet generate enough 
data fast enough for a truly rapid response.

Whereas clinics may be challenged by a paucity of 
rapid data, other aspects of NGS are suffering from an 
abundance of data. To date, more than 14,000 genomes 
have been deposited within the US National Center for 
Biotechnology Information (NCBI) genome reposito-
ries, with new genomes deposited regularly. In 2013, 
Schatz and Langmead reported that the world can gen-
erate ~15 petabytes of sequencing data per year, and 
the number and throughput of sequencers has only 
increased since then107. This wealth of data is proving 
challenging for both analysis and infrastructure, requir-
ing innovative storage and bioinformatic solutions108. 
Translation of this vast pool of genetic data into biologi-
cal contexts remains a challenge, requiring both inte-
grative approaches to NGS research and well-validated 
guidelines for discovery87,109,110. The proliferation of 
NGS in the clinical arena also raises concerns about the 
utility and ethics associated with genomic information. 
With so many genetic tests available, including direct-
to- consumer testing, questions exist regarding the con-
sumer response to genetic results and the impact of false 
positives and false negatives on health care111,112.

Recently, Illumina’s highly successful suite of instru-
ments have been the juggernaut of NGS, relegating tech-
nologies that could not keep pace to niche applications 
or outright dissolution. The casualties of the NGS arms 
race have included the Helicos Genetic Analysis System113, 
the Revolocity system from Complete Genomics and 454 
pyrosequencing from Roche. Yet, despite these setbacks, 
new applications and instruments are being developed 
at an astounding pace. As Illumina’s market share grows, 
so too do challenges to its dominance. The BGISEQ-500 
and the forthcoming GenoCare114 from Direct Genomics 
(based on the Helicos technology) seek to gain a foothold 
in Asia, where NGS research is still developing. Platforms 
such as the ONT PromethION115 and Illumina HiSeq X 
are poised to push the limits of cost and yield. With the 
growing interest in clinical sequencing, established NGS 
providers are offering rapid solutions, such as the Ion 
Torrent S5 and the Illumina MiniSeq, and newcomers 
such as Qiagen’s GeneReader22 are also competing to 
fill the void. Finally, pre-sequencing approaches such as 
10X Genomics aim to fundamentally change how exist-
ing sequencing is carried out by providing long-range 
information on short-read sequencing platforms.

In the next few years, additional players seek to fur-
ther democratize the field with novel sequencing solu-
tions. GenapSys (in partnership with Sigma-Aldrich), 
with its electronic ‘lunchbox’-sized sequencer116; Genia 
(Roche), with a new nanopore sequencing approach117; 
and the recently announced Firefly (Illumina), with its 
one-channel CMOS technology118, all claim to deliver 
superior cost and time savings for clinical applications. 
Finally, NanoString Technologies with its enzyme-
free hybridization method119, GnuBio (Bio-Rad) with 
a fluorescence resonance energy transfer (FRET)-based 
approach120, and Electron Optica with an electron 

Genome phasing
A method to identify which 
chromosome a DNA sequence 
is derived from. By examining 
polymorphisms, the 
chromosome of origin can be 
inferred by matching the reads 
that share the same variation.

Family studies
A study design in which many 
members of a family across 
several generations are 
sequenced. These studies 
are used to understand how 
phenotypes manifest within 
a particular genotype 
background.

Helicos Genetic Analysis 
System
A sequencing technology 
based on single nucleotide 
addition. Each nucleotide 
contains a ‘virtual terminator’ 
that prevents the incorporation 
of multiple nucleotides per 
cycle.

Fluorescence resonance 
energy transfer
(FRET; also known as Förster 
resonance energy transfer). 
A system in which energy can 
be transferred from one 
light-sensitive molecule to 
another. When the two 
molecules are in close 
proximity (≤30 nm), energy 
transferred between the two 
molecules modulates the 
intensity of a fluorescence 
signal.
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Antifungal compounds exert their activity through a
variety of mechanisms, some of which are poorly under-
stood. Novel approaches to characterize the mechanism
of action of antifungal agents will be of great use in the
antifungal drug development process. The aim of the
present study was to investigate the changes in the gene
expression profile of Saccharomyces cerevisiae follow-
ing exposure to representatives of the four currently
available classes of antifungal agents used in the man-
agement of systemic fungal infections. Microarray anal-
ysis indicated differential expression of 0.8, 4.1, 3.0, and
2.6% of the genes represented on the Affymetrix S98
yeast gene array in response to ketoconazole, amphoter-
icin B, caspofungin, and 5-fluorocytosine (5-FC), respec-
tively. Quantitative real time reverse transcriptase-PCR
was used to confirm the microarray analyses. Genes
responsive to ketoconazole, caspofungin, and 5-FC were
indicative of the drug-specific effects. Ketoconazole ex-
posure primarily affected genes involved in ergosterol
biosynthesis and sterol uptake; caspofungin exposure
affected genes involved in cell wall integrity; and 5-FC
affected genes involved in DNA and protein synthesis,
DNA damage repair, and cell cycle control. In contrast,
amphotericin B elicited changes in gene expression re-
flecting cell stress, membrane reconstruction, trans-
port, phosphate uptake, and cell wall integrity. Genes
with the greatest specificity for a particular drug were
grouped together as drug-specific genes, whereas genes
with a lack of drug specificity were also identified.
Taken together, these data shed new light on the mech-
anisms of action of these classes of antifungal agents
and demonstrate the potential utility of gene expression
profiling in antifungal drug development.

Invasive fungal infections cause significant morbidity and
mortality in susceptible patient populations (1–4). Currently
available antifungal agents are few and have limitations with
regard to efficacy and toxicity (5). The need for alternative
strategies in the management of fungal infections has in-
creased with the emergence of new fungal pathogens and the
development of antifungal resistance (6, 7). Novel approaches
to identify unique antifungal drug targets are needed. Further-
more, a greater understanding of the mechanisms of action of
available antifungal agents would aid in this effort.

Currently only four classes of antifungal agents are used to
treat invasive fungal disease. Amphotericin B, the only polyene
effective systemically, has been in use for over 40 years. It
exerts its activity by binding to ergosterol in the fungal cell
membrane, compromising membrane integrity, and ultimately
leading to cell death (8, 9). The antimetabolite, 5-fluorocytosine
(5-FC),1 acts by interfering with nucleotide metabolism and
inhibiting RNA, DNA, and protein synthesis (10). The more
recently introduced azole antifungal agents exert their activity
by inhibiting the biosynthesis of ergosterol, the major mem-
brane sterol of fungi. The azoles inhibit the cytochrome P450
enzyme, lanosterol demethylase, by binding to the heme in the
active site of the enzyme (6, 11). The newest class of antifungal
agents used in the management of systemic fungal infections is
the echinocandins. Caspofungin is currently the only commer-
cially available agent in this class. It exerts its activity by
inhibiting the synthesis of �-1,3-glucan in the fungal cell wall
(12).

One of the ways in which cells adjust to changes in their
environment is by altering gene expression patterns. Thus,
measurement of changes in gene expression upon exposure to a
drug can help determine how drugs and drug candidates work
in cells and organisms. DNA microarray technology is a pow-
erful tool to measure gene expression on a genomic scale, al-
lowing simultaneous measurement of changes in the expres-
sion of thousands of genes. In the past few years, this
technology has been used to discover gene function, understand
biochemical pathways and regulatory mechanisms, classify dis-
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ease specimens, and discover drug targets (reviewed in Ref.
13). The yeast Saccharomyces cerevisiae is an excellent model
organism for the study of antifungal action. Its genome has
been fully sequenced and well characterized, and with the
development of whole-genome microarrays, it is now possible to
monitor globally gene expression changes in response to vari-
ous experimental conditions. The availability of deletion
mutant stocks for S. cerevisiae also greatly facilitates the
validation of novel hypotheses generated from microarray ex-
periments.2 In addition, among the pathogenic fungi, S. cerevi-
siae is most closely related to Candida albicans, the major
opportunistic fungal pathogen (14). In recent years, S. cerevi-
siae, previously considered to be non-pathogenic, has been re-
ported as an emerging fungal pathogen in immunocompromised
individuals (15). Thus, S. cerevisiae serves as a valuable model
system in the study of fungal infections and identification of new
drug targets.

Genomic profiling studies have examined the effects of am-
photericin B, 5-FC, and various azoles in both S. cerevisiae and
C. albicans (16–19). These studies provide an excellent over-
view of the genes expected to change their expression in re-
sponse to treatment with these drugs. However, these studies
have used concentrations that may not be optimal for appro-
priate between-drug comparisons with regard to their effects.
Furthermore, we show here that differences in experimental
conditions such as growth media, concentration of drug, and
period of drug exposure can contribute to gene expression
changes. Because the experimental conditions utilized in our
study are different from those used in previous studies, we
have been able to identify responses that were not previously
reported. In addition, the minimal media conditions used in the
current study perhaps better mimic the nutrient-limited envi-
ronment of macrophages, which phagocytose C. albicans cells
and allow hyphal development in this pathogen (20). In the
present study, genome-wide gene expression profiling was used
to compare and characterize changes in S. cerevisiae gene ex-
pression in response to representatives of four major classes of
antifungal agents in an effort to identify drug class-specific and
mechanism-independent changes in gene expression.

EXPERIMENTAL PROCEDURES

Antifungal Agents—Ketoconazole and 5-fluorocytosine were obtained
from Sigma. Amphotericin B was from ICN Biomedicals (Aurora, OH).
A commercially available preparation of caspofungin acetate for injec-
tion (Cancidas®) was obtained from a local pharmacy. Stock solutions of
varying concentrations were made in Me2SO (Sigma).

Yeast Strains and Media—S. cerevisiae S288C (MAT�, SUC2, mal,
mel, gal2, CUP1, flo1, flo8-1), obtained from ATCC (Manassas, VA), was
used in the microarray experiments. The upc2-1 mutant strain
(SCY1012, MAT�, ade2-1, can 1-1, trp1-1, ura3-1, his3-11, 15, leu2-3,
112, upc2-1 lo) and its isogenic wild type strain (SCY325) were gener-
ously provided by Dr. Stephen Sturley (Columbia University, New
York). The upc2� strain (MAT�, leu2, ura3, his3, lys2, upc2�) and its
isogenic wild type strain (BY4742) were obtained from Invitrogen. Syn-
thetic dextrose (SD) medium, containing 0.67% (w/v) yeast nitrogen
base without amino acids and 2% (w/v) dextrose, was used to grow the
wild type S288C strain. Synthetic complete (SC) medium, consisting of
SD medium supplemented with complete supplement mixture (CSM,
Qbiogene, Inc., Carlsbad, CA), was used to grow the upc2-1 mutant
strain, the upc2� strain, and their respective isogenic wild type con-
trols. In all cases, the medium was buffered with 0.165 M MOPS (Sig-
ma), and the pH was adjusted to 7.0 with NaOH.

IC50 Determinations—For IC50 determinations in small scale cul-
tures, a single colony of S. cerevisiae was resuspended in 0.9% sterile
saline. The culture was diluted in SD medium after comparison to the
0.5 McFarland standard to afford a final inoculum of �3 � 106 CFU/ml.
After dilution, 175 �l of the culture was inoculated into a 96-well flat
bottom culture plate (Corning Inc., Corning, NY) containing 25 �l of test

compounds that were 2-fold serially diluted in 0.9% sterile saline. The
starting concentrations used were 10 �g/ml for amphotericin B and
caspofungin, 50 �g/ml for 5-fluorocytosine, and 100 �g/ml for ketocon-
azole. The culture plate was read at 630 nm prior to and after incuba-
tion (30 °C for 17 h) using an EL340 microplate reader (Bio-Tek Instru-
ments, Inc., Winooski, VT).

For determination of IC50 values in large scale cultures, an overnight
culture (started from a single colony) in late exponential phase was
used to inoculate 100 ml of SD medium to an A600 of 0.1. Multiple
cultures were started for each drug in order to test 4–5 different drug
concentrations. The cultures were incubated at 30 °C in an environmen-
tal shaker (200 rpm) and allowed to recover from stationary phase until
an A600 of 0.2 was reached. Drug was then added at 2–4-fold serial
dilutions into each culture. Two rounds of experiments were conducted,
with a broad range of drug concentrations tested in the first round and
a narrow range tested in duplicates in the second round. The cultures
were grown for 17 h at 30 °C, and a final A600 was measured using an
Ultrospec 2000 spectrophotometer (Amersham Biosciences).

Cell Culture and Drug Exposure for Microarray Experiments—A
single colony of S. cerevisiae was inoculated into 25 ml of SD medium
and grown overnight at 30 °C in an environmental shaker (200 rpm)
until late exponential phase. The culture was used to inoculate 100 ml
of SD medium to an A600 of 0.1. Two independent 100-ml cultures were
grown for each drug. All drug exposures were performed on the same
day using the same starting culture to minimize experimental varia-
tions. The cultures were incubated at 30 °C in an environmental shaker
(200 rpm) and allowed to recover from stationary phase until an A600 of
0.2 was reached. Drug was then added to each culture at a concentra-
tion equivalent to the IC50 value (concentrations used were 0.12 �g/ml
amphotericin B, 0.02 �g/ml caspofungin, 0.3 �g/ml 5-fluorocytosine,
and 56 �g/ml ketoconazole). Control cultures were simultaneously
treated with 0.25% Me2SO. The cultures were allowed to grow until an
A600 of 0.5 was reached (�3 h, the doubling time in SD medium was �2
h). Cells were harvested by centrifugation at 500 � g at 20 °C for 5 min
in a Sorvall RC5C Plus centrifuge using an SH-3000 rotor. The cells
were flash-frozen in liquid nitrogen and stored at �80 °C.

RNA Preparation—Total RNA was isolated using the Qiagen
RNeasy® Midi-kit (Qiagen, Inc., Valencia, CA) according to the manu-
facturer’s instructions with the following modifications: frozen S. cer-
evisiae cells were ground into a powder with a mortar and pestle in
liquid nitrogen to facilitate cell disruption. The cell powder was resus-
pended in 4 ml of lysis buffer provided in the kit and homogenized for
2 min at 30-s intervals at 25,000 rpm using a PT3100 Polytron (Brink-
man Instruments). The RNA concentration and purity were determined
spectrophotometrically by measuring absorbance at 230, 260, 280, and
320 nm. The purity and integrity of the RNA were confirmed by agarose
gel electrophoresis.

Microarray Hybridization and Analysis—Microarray hybridization
was performed using the Affymetrix GeneChip® Yeast Genome S98
Array using protocols described by Affymetrix, Inc. (Santa Clara, CA).
Data were analyzed using Affymetrix® Microarray Suite 5.0 software.
Genes were considered to be differentially expressed if (i) expression
changed by at least 2-fold in two independent experiments performed
with duplicate RNA samples, (ii) the mRNAs were assigned at least one
“present” detection call by the Affymetrix software in both experiments,
and (iii) the change in gene expression was in the same direction
(“increased” or “decreased”) in both experiments. Genes were annotated
using the Saccharomyces Genome Data Base3 and Yeast Proteome Data
Base (Incyte Corp., Palo Alto, CA). Drug-specific responses were iden-
tified by calculating the difference index (DI) described by Nau et al.
(22) as follows: DI � log2(fold change of gene X in drug exposure A) �
log2(average fold change of gene X in all four drug exposures).

Quantitative Real Time RT-PCR Assays—An aliquot of the RNA
preparations from untreated and treated samples, used in the microar-
ray experiments, was saved for quantitative real time RT-PCR fol-
low-up studies. The RNA samples were treated with DNase I “on
column” as per manufacturer’s instructions using Qiagen RNeasy®
(Qiagen, Inc., Valencia, CA) columns to remove residual DNA contam-
ination. First strand cDNAs were synthesized from 2 �g of total RNA in
a 100-�l reaction volume using the TaqMan Reverse Transcription

2 Saccharomyces Genome Deletion Project Home Page (www.sequence.
stanford.edu/group/yeast_deletion_project) (accessed June, 2003).

3 K. Dolinski, R. Balakrishnan, K. R. Christie, M. C. Costanzo, S. S.
Dwight, S. R. Engel, D. G. Fisk, J. E. Hirschman, E. L. Hong, L.
Issel-Tarver, A. Sethuraman, C. L. Theesfeld, G. Binkley, C. Lane, M.
Schroeder, S. Dong, S. Weng, R. Andrada, D. Botstein, and J. M.
Cherry, Saccharomyces Genome Data Base (www.yeastgenome.org)
(accessed June, 2003).
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Reagents Kit (Applied Biosystems, Foster City, CA) as per the manu-
facturer’s instructions. Quantitative real time PCRs were performed in
triplicate using the GenAmp® 5700 Sequence Detection System (Ap-
plied Biosystems). Independent PCRs were performed using the same
cDNA for both the gene of interest and 18 S rRNA, using the SYBR®
Green PCR Master Mix (Applied Biosystems). Gene-specific primers
were designed for the gene of interest and 18 S rRNA using Primer
Express® software (Applied Biosystems) and the Amplify program (23).
All related coding sequences within the S. cerevisiae genome were
identified via BLASTN queries of the complete coding sequences using
the BLAST server at the Saccharomyces Genome Data Base.3 All se-
quences thus identified were then aligned using the ClustalW align-
ment function of MegAlign software (DNAstar, Inc., Madison, WI).
Gene-specific primer pairs were then manually selected such that at
least one primer per pair contained a minimum of two consecutive
mismatches at the 3� end when compared against all related S. cerevi-
siae sequences. For almost all genes analyzed, both primers within a
pair fulfilled the above criteria and contained numerous additional
mismatches when compared against related sequences. The sequences
of the primer pairs are listed in Table I. The PCR conditions consisted
of denaturation at 95 °C for 10 min, followed by 40 cycles of denatur-
ation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min. A
dissociation curve was generated at the end of each PCR cycle to verify
that a single product was amplified using software provided with the
GenAmp® 5700 sequence detection system. A negative control reaction
in the absence of template (no template control) was also routinely
performed in triplicate for each primer pair. The change in fluorescence
of SYBR® Green I dye in every cycle was monitored by the GenAmp®
5700 system software, and the threshold cycle (CT) above background
for each reaction was calculated. The CT value of 18 S rRNA was
subtracted from that of the gene of interest to obtain a �CT value. The

CT value of an arbitrary calibrator (e.g. untreated sample in the case of
up-regulated genes) was subtracted from the �CT value to obtain a
��CT value. The gene expression level relative to the calibrator was
expressed as 2���CT.

Susceptibility Testing of upc2 Mutant Strains—The upc2� strain was
confirmed as recommended by the Saccharomyces Genome Deletion
Project protocols.2 Single colony PCR was performed using the following
primers: UPC2-A (5�-TATTGTCTTCAGTGAATGTGCTTGT-3�), UPC-
2-B (5�-TTCCCTTCATCACACTTAACTCTTC-3�), UPC2-C (5�-AGGTC-
AAGGATAAAGTCTGGTTTCT-3�), UPC2-D (5�-AATTGCCTCTCTAT-
CAAAGTTTCCT-3�), KanB (5�-CTGCAGCGAGGAGCCGTAAT-3�), and
KanC (5�-TGATTTTGATGACGAGCGTAAT-3�). The UPC2-A and
UPC-D primers are located upstream and downstream of the UPC2
coding region, respectively, whereas the UPC2-B and UPC-C primers
are located within the coding region. The KanB and KanC primers are
located in the Kan gene used to replace UPC2 in the deletion strain.
PCR products were obtained only in the UPC2-A/KanB and UPC2-D/
KanC primer combinations, whereas the UPC2-A/UPC2-B and UPC2-
C/UPC2-D primer combinations resulted in no PCR products. The
upc2-1 strain (SCY1012) was confirmed by colony PCR with UPC2-C/
UPC2-D primers, followed by restriction digest of the amplified PCR
product with HphI restriction enzyme. The upc2-1 mutation (G to A
transition at nucleotide 2663) creates a unique HphI restriction site
(72). After restriction digestion, the upc2-1 strain produced two DNA
fragments (395 and 80 bp), whereas the corresponding wild type strain
(SCY325) produced only one fragment that was 475 bp in size.

For susceptibility testing with ketoconazole, a single colony from a
YPD agar plate was grown overnight in SC medium. The culture was
diluted in SC medium after comparison to the 0.5 McFarland standard
to afford a final inoculum of �1 � 104 CFU/ml. After dilution, 180 �l of
the culture was inoculated into a 96-well flat bottom microplate (Corn-

TABLE I
Gene-specific primers used for real time RT-PCR assays

Gene ORF Primer pairs Positiona Amplicon
size

bp

ERG11 YHR007C F, 5�-AATGCTCACCAATTCAACATTCAC-3� 1264 50
R, 5�-AGAGGAGGCAGAATCTTTGTTCC-3� 1314

ERG26 YGL001C F, 5�-TGGACTTATGCTGGAAATGTTGC-3� 646 51
R, 5�-GTTTCTGTGCAGCTAACACATGC-3� 697

UPC2 YDR213W F, 5�-TTCGAGGACTGAAACTGGACTG-3� 1983 50
R, 5�-TCTAGGCGGTGAGATGAAACG-3� 2033

DAN1 YJR150C F, 5�-GTCTCCTCCAAAGCTCAATCTACAG-3� 751 50
R, 5�-AGATGCTGACGATGTGACAGAAG-3� 801

AUS1 YOR011W F, 5�-TTTGCTGGTTACTACTTAACTTACGTGG-3� 4081 49
R, 5�-AAGACCTTTGGCCATATTCTTGC-3� 4130

GIT1 YCR098C F, 5�-ATGCTGGACCAGGTGATATGC-3� 1133 53
R, 5�-CGGTTGCTGACGCTTCACTAC-3� 1186

TIS11 YLR136C F, 5�-TCAAACATGGCGACGACAAC-3� 689 50
R, 5�-AAGTACCAGCTTTCACGTAAACAGC-3� 739

HXT5 YHR096C F, 5�-GAGTCGTATCCCTTAAGAGTACGTGG-3� 1423 49
R, 5�-GCACTTGCAATCGACATTGC-3� 1472

YPS3 YLR121C F, 5�-GCTGTAGATCACAGCAAGTACGAG-3� 688 50
R, 5�-AACCAACGGGATAGTGTACAGTTG-3� 738

PHM8 YER037W F, 5�-AGTGGGTTGTCGAGCTTTGC-3� 649 50
R, 5�-GCTTTCGTTGTCATCAATAAACCAG-3� 699

GSC2 YGR032W F, 5�-TCCATAACTTGGTTCAACCAAGG-3� 5567 47
R, 5�-ACCCTGTATCATTGTTAGATACGTTCC-3� 5614

MTL1 YGR023W F, 5�-TCAGAATTTTGGTGATATCGATCC-3� 1317 50
R, 5�-GGGTTGTCATTGTTAAGTATATCTTCTGG-3� 1367

BAG7 YOR134W F, 5�-TGCTTCCAAGGTCACGTGC-3� 908 50
R, 5�-GATGTATGGTAAAATTGTTGGAGTCAG-3� 958

SLT2 YHR030C F, 5�-TGGAGATGAGACCTGCCACTG-3� 1340 50
R, 5�-CATTCTGAGGCGGAATATCTGC-3� 1390

RLM1 YPL089C F, 5�-AAATACCGGGCTGACTCCATAC-3� 1923 50
R, 5�-GTGCCTAGTGGTGTTTGAGCAG-3� 1973

RNR3 YIL066C F, 5�-GAAAGCTCAGATAATGAGAAGGATGC-3� 2389 50
R, 5�-TGATTGTTCGGATGGAACTGG-3� 2439

RFA2 YNL312W F, 5�-TGGAATGATGAAACAACCTTTGG-3� 534 51
R, 5�-TGATTGCCCATTGTTGTTGG-3� 585

HO YDL227C F, 5�-ATTACGCCCGAAGGTTTGC-3� 1636 50
R, 5�-CGCCACATTTTATACACTCTGGTC-3� 1687

DSE4 YNR067C F, 5�-TGACCAGTCAATGGAATTGAGG-3� 2886 51
R, 5�-ATCCTTCATTATACTAATCATCAAGTCACC-3� 2937

PCL1 YNL289W F, 5�-CCGATTTAAGTTCTGCTACTCTAGTCG-3� 656 50
R, 5�-GCCTTCTTAGATCATTACAACTGTCG-3� 706

a Position of 5�-most primer nucleotide in the coding sequence of the gene.
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ing Inc., Corning, NY) containing 10 �l of ergosterol (final concentration
of 10 �g/ml) and 10 �l of ketoconazole at varying concentrations. The
starting concentration of ketoconazole used in the assay was 100 �g/ml.
Ergosterol (Sigma) was added from a stock solution of 0.2 mg/ml pre-
pared in Tween 80/ethanol (1:1 v/v). Ketoconazole was prepared as a
stock solution of 10 mg/ml in Me2SO, which was 3-fold serially diluted
in Me2SO, followed by a 5-fold dilution of each dilution in SC medium.
For anaerobic conditions, microplates were incubated in BBL Bio-Bag
CO2-generating environmental chambers (BD Biosciences). The cham-
bers are supplied with an anaerobic indicator that turns from pink to
clear when anaerobiosis has been achieved. The microplates were read
at 630 nm, prior to and after incubation (30 °C for 48 h), using an EL340
microplate reader (Bio-Tek Instruments, Inc., Winooski, VT).

RESULTS AND DISCUSSION

Experimental Design—Because four different classes of
drugs were utilized in this study, treatments were restricted to
a single time point and a single concentration. Based on previ-
ous reports (16–19) in which one doubling time (90 min) was
sufficient to detect specific gene expression changes in response
to azoles, amphotericin B, and 5-FC, cells were exposed to
various drugs for a period of �1.5 times the doubling time in
this study. The concentration of drug is critical in these studies
because the effect on gene expression may not be detectable if
the drug concentration is too low, and secondary drug effects
could mask the primary responses if the test concentration is
too high. In similar microarray experiments, 0.5� minimum
inhibitory concentration (MIC) has been utilized (16–19). How-
ever, for some antifungal drugs, this value is sometimes very
close to the MIC and causes as much as 80% inhibition (Fig. 1,
B–D). For this reason, the IC50 concentration was used in this
study. The IC50 value was determined not only in conventional
microplate assays but also in large scale cultures designed to
mimic the conditions of the microarray experiments as closely
as possible. A minimal medium such as synthetic dextrose
medium was used because nutrient-rich media conditions may
compensate for the inhibitory effects of the drug and obscure
detection of some gene expression responses. “Biological repli-
cates” were included in the experimental design, i.e. two inde-
pendent experiments were conducted simultaneously, such
that two independent cell cultures and drug treatments were
initiated, two RNA samples were isolated, and two hybridiza-
tions were performed for each drug.

IC50 Determinations—Antifungal drug susceptibility assays
routinely performed according to the National Committee for
Clinical Laboratory Standards (25) require inocula at low cell
densities (�5 � 103 CFU/ml). Because the aim of this study
was to perform microarray analysis, which requires RNA iso-
lations from a large number of cells, it was necessary to modify
the currently available protocols. For this reason, inhibition
assays were performed with inocula at high cell densities (�3 �
106 cells per ml, A600 of �0.1) in SD medium. Assays were first
performed in microplates as described under “Experimental
Procedures.” Absorbance readings were measured 17 h after
the experiment was started in order to ensure that cells were in
late exponential phase.

The inhibition assays were repeated in large scale experi-
ments because 100-ml cultures would be used in the microar-
ray experiments, and it is possible that IC50 values determined
in microplate assays would be different under large scale con-
ditions. The results from the microplate and large scale assays
are shown in Fig. 1, A–D. Based on these experiments, the IC50

values for the four drugs were determined to be the following:
56 � 8.18 �g/ml for ketoconazole, 0.14 � 0.04 �g/ml for am-
photericin B, 0.03 � 0.01 �g/ml for caspofungin, and 0.30 �
0.16 �g/ml for 5-fluorocytosine. In general, the microplate and
large scale assay results were in agreement with each other
(Fig. 1E) except for 5-fluorocytosine, which showed 2–4 times

greater IC50 values in large scale conditions. The high IC50

value observed for ketoconazole is consistent with the fact that
ketoconazole is a fungistatic agent. This value is also in agree-
ment with a previous study in which it was reported that
increasing the starting inoculum from 1 � 103 to 1 � 107

CFU/ml caused a dramatic reduction in fluconazole activity
(26).

Gene Expression Responses to Ketoconazole—A total of 51
genes was found to be responsive to ketoconazole treatment
under the experimental conditions used. Of these, 44 genes
showed a significant increase in expression, and 7 genes
showed a significant decrease in expression. The number of
responsive genes in this study is less than the number observed
in previous studies (16, 17) because two independent biological
replicate experiments were conducted in this study, and only
genes that responded similarly in both experiments were se-
lected as responsive genes. In studies by Lee et al. (27), it was
shown that the number of false positives can be quite high in a
microarray study conducted with samples from only one exper-
iment. For example, in a single experiment, 1.8% of the total
genes showed a 2-fold change in expression and of these about
45% were false positives, whereas in a duplicate experiment,
0.6% of the total genes showed a 2-fold change in expression
and of these only 1% were false positive (27, 28).

The distribution of ketoconazole-responsive genes and their
biological roles are shown in Fig. 2. The category of genes with
the largest number of responses is the lipid, fatty acid, and
sterol metabolism group. As shown in two previous studies,
genes involved in ergosterol biosynthesis were up-regulated in
response to azole treatment (16, 17). The genes found to be
responsive in this study include ERG1, ERG2, ERG3, ERG4,
ERG5, ERG6, ERG11, ERG24, ERG25, ERG26, and ERG28.
Because the enzyme encoded by ERG11 is the direct target of
azole antifungals and because its expression is increased in
some azole-resistant C. albicans strains, it is not surprising
that ERG11 would be induced in response to ketoconazole
treatment (29, 30). Except for ERG1, most of the responsive
genes in this study are functional downstream of ERG11 (Fig.
3), suggesting that their induction is in response to ergosterol
depletion. Comparison of these results with those obtained in
previous studies (16, 17) indicates a few discrepancies that
could be attributed to differences in strains used, media condi-
tions used (e.g. ERG1 and ERG26 not detected in the study by
Bammert and Fostel (16) where rich medium was used), time of
drug exposure (ERG10 induced in the study by De Backer et al.
(17) where cells were treated with itraconazole for 24 h), ab-
sence of genes from previous microarrays (e.g. ERG24 not
measured in the De Backer et al. study), and previous lack of
annotations for some genes (e.g. ERG28).

In addition to the ergosterol biosynthesis genes, six addi-
tional genes involved in lipid metabolism were also affected in
this study. These include CYB5, HES1, YSR3, INO1, ELO1,
and UPC2 (Fig. 2). The gene CYB5 encodes cytochrome b5 and
is required for suppressing azole hypersensitivity in a S. cer-
evisiae erg11 mutant (31). The gene HES1 shows homology to
the human oxysterol-binding protein and plays a role in ergos-
terol biosynthesis, as implied by reduced membrane ergosterol
levels in a hes1 mutant of S. cerevisiae (32). The genes YSR3
(encoding dihydrosphingosine-1-phosphate phosphatase),
INO1 (encoding inositol-1-phosphate synthase), and ELO1 (en-
coding a fatty acid elongating enzyme) have been shown to play
a role in sphingolipid biosynthesis in S. cerevisiae (33–35). It
has been shown recently (36) that a mutation in the ERG26
gene produced defects in sphingolipid metabolism, indicating
that sphingolipid metabolism is regulated by sterol levels in
S. cerevisiae cells. Thus, the effect of ketoconazole on CYB5,
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FIG. 1. Determination of IC50 values for ketoconazole (A), amphotericin B (B), caspofungin (C), and 5-fluorocytosine (D). Results are shown from
a microtiter assay and three independent assays performed in large scale cultures. E, IC50 values obtained in the individual assays. KTZ,
ketoconazole; AmB, amphotericin B; CPF, caspofungin.
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HES1, YSR3, INO1, and ELO1 is in agreement with their roles
in sterol or sphingolipid metabolism.

It was interesting to observe that the gene UPC2 was in-
duced in this study (Fig. 2, transcription category). The gene
UPC2 encodes a binucleate zinc cluster transcription factor,
which is involved in the regulation of sterol biosynthesis and
uptake, and sphingolipid biosynthesis (37, 38). Upc2p is a ste-
rol regulatory element-binding protein, which regulates the
transcription of ergosterol biosynthetic genes ERG2 and ERG3
(37). Therefore, the induction of UPC2 in response to ketocon-
azole is consistent with its role in regulating ergosterol biosyn-
thesis. In addition, UPC2 is involved in regulating sterol up-
take as indicated by the ability of the upc2-1 mutant to
accumulate exogenous sterol in S. cerevisiae cells (38). Com-
parison of normal and upc2-1 mutant strains by microarray
analysis revealed that the genes UPC2, AUS1, PDR11, and
DAN1 are up-regulated in the mutant strain (39). AUS1 and
PDR11 encode ATP-binding cassette transporters, and DAN1
codes for a cell wall mannoprotein. Deletions in AUS1, PDR11,
and DAN1 in the upc2-1 strain resulted in a decrease in sterol
accumulation, suggesting that these genes are required for
sterol uptake when sterol biosynthesis is compromised (39).

Most of the genes that were induced in the upc2-1 mutant
strain (39) were also induced in this study in response to
ketoconazole (Fig. 2 and Supplemental Material, Table A).
These include HES1, CYB5, UPC2, ERG25, ERG24, ERG26,
and ERG11 (lipid metabolism); DAN1, DAN4, TIR1, TIR3, and
TIR4 (cell wall maintenance); AUS1 and SRO77 (transport);

ATF2 and HEM13 (other metabolism, heme biosynthesis);
AMS1 (carbohydrate metabolism); SCM4 (cell cycle control);
and YPL272C, YMR317W, and YGR131W (unknowns). All of
these genes, except CYB5, YMR317W, and YGR131W have a
sterol regulatory element motif in their promoter regions,
which has been identified as a Upc2p-binding site. Also, the
level of induction of the highly induced genes is very similar
between the two studies. For example, DAN1 was induced
�55-fold in the upc2-1 mutant, and it was induced �54-fold in
the current study. The induction of HEM13, whose product is
involved in heme biosynthesis, is consistent with a previous
azole microarray result (16). There are several lines of evidence
which show that heme plays an important role in sterol syn-
thesis and regulates the transcription of several genes involved
in this process (40). It is interesting to note that heme defi-
ciency has been associated with increased sterol uptake in
S. cerevisiae cells (41).

The similarities between the gene expression responses in
the upc2-1 mutant strain and the ketoconazole-treated cells in
the current study support the hypothesis that when sterol
biosynthesis is inhibited, cells respond by inducing genes re-
quired for sterol uptake from the external environment. It has
also been proposed that resistance to azoles could involve mul-
tiple mechanisms including alterations in sterol biosynthesis,
target site, uptake, and efflux (42). The induction of UPC2 and
some UPC2-regulated genes (e.g. AUS1, DAN1, DAN4, TIR3,
and TIR4) appears to be unique to our study. These genes could
have been unresponsive in previous microarray studies due to

FIG. 2. Distribution of ketocon-
azole-responsive genes. Genes were
annotated and assigned to various func-
tional categories using the Saccharomy-
ces Genome Data Base and Yeast Pro-
teome Data Base. The average expression
ratio from two independent experiments
is shown for genes associated with the
mechanism of action. In parentheses are
the expression ratios obtained in each ex-
periment. Positive numbers indicate in-
duction, and negative numbers indicate
repression. Genes in the gray box are in-
dicative of major drug-specific responses.
Genes in boldface are summarized in Fig.
3. An annotated list of all the genes in
each functional category, including ex-
pression ratios from individual experi-
ments, can be found in Supplemental Ma-
terial Table A.

Genomic Response of S. cerevisiae to Antifungal Agents 35003

 at R
esearch L

ibrary Inform
ation G

rp, N
ational Institute of Standards and T

echnology on June 8, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

YM95NC Attachment -- Page 114

http://www.jbc.org/


strain differences and media conditions used. In addition,
AUS1 was not annotated at the time these studies were pub-
lished, and therefore its drug response was not documented.

Taken together, the results in the current study suggest that
when S. cerevisiae cells grown in minimal medium are exposed
for a short time to a sub-inhibitory dose of ketoconazole, they
respond by inducing genes that are not only involved in ergos-
terol biosynthesis but also genes involved in sterol uptake from
the external environment. Fig. 3 summarizes the results from
this study and highlights the ketoconazole-responsive genes. It
also shows the relationship between ergosterol biosynthesis
and gene regulation by UPC2.

Gene Expression Responses to Amphotericin B—A total of 265
genes was responsive to amphotericin B treatment under the
experimental conditions tested. Of these, 185 genes showed a
significant increase in expression, and 80 genes showed a sig-
nificant decrease in expression. Fewer responsive genes were
identified in this study relative to a previous study (18), be-
cause only genes that responded similarly in two independent
experiments were selected as responsive genes in this study.

The distribution of the amphotericin B-responsive genes and
their biological roles are shown in Fig. 4. The category of genes
with the largest number of responses was the “unknown”
group, indicating that many genes that responded to ampho-
tericin B have no previously characterized cellular role. The
second largest number of responses was in the transport group,
in agreement with results observed by Zhang et al. (18). Reg-

ulation of cellular transport is consistent with the mechanism
of action of amphotericin B, which binds with membrane er-
gosterol to form pores that disrupt the membrane and cause
leakage of ions and small molecules from the cell (43). The
leakage of ions and nutrients from the cell may be at least
partially counterbalanced by the induction of genes involved in
membrane transport. Genes associated with membrane trans-
port that were induced in this study include GIT1, BAP2,
BAP3, HXT2, HXT4, HXT5, TPO2, and PTR2 (Fig. 4). The
most highly differentially expressed gene in this category was
GIT1 which showed an �33-fold induction in response to am-
photericin B. This is in agreement with a recent observation
that GIT1 is required for optimal growth of S. cerevisiae cells in
the presence of 10 �M nystatin, another polyene antifungal
drug (44). Several genes that encode proteins involved in mem-
brane transport were down-regulated in response to amphoter-
icin B, including MEP2, SAM3, CTR1, SEO1, SUL1, OPT1,
GAP1, and MMP1 (Fig. 4). It is possible that the induction of
certain transport-related genes or the repression of others is
necessary to maintain homeostasis within the cell when mem-
branes are damaged.

The category of genes with the next largest number of re-
sponses to amphotericin B treatment was the cell stress group.
As would be expected, the leakage of cell contents induces
stress-related responses in the cell. The genes listed in the cell
stress category in Fig. 4 have been shown to respond to various
environmental stresses in S. cerevisiae cells (45), e.g. HSP12,

FIG. 3. Summary of gene expression
responses to ketoconazole. Genes in
boldface were responsive in this study.
The relationship between ergosterol bio-
synthesis and UPC2-mediated gene regu-
lation is summarized.
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HSP26, HSP82, and SSA4 (heat shock, see Ref. 45); GRE1,
HOR2, and HOR7 (osmotic stress, see Ref. 46), CTT1 and
DDR48 (oxidative stress, see Ref. 47); YGP1 (nutrient limita-
tion, see Ref. 48), ALD3, GPH1, and TDH1 (ethanol stress, see
Ref. 49); and MSN4, which is a transcription factor regulating
the expression of various stress-response related genes (50). In
addition, several genes induced in the environmental stress
response (ESR, see Ref. 45) were also induced in response to
amphotericin B in this study (Fig. 4 and Supplemental Mate-
rial, Table B), including HSP12, HSP26, UBI4, SSE2, SSA4,
SSA1, LAP4, YPS3, and PBI2 (protein folding and degrada-
tion); PDC6, TKL2, NRG1, AMS1, HOR2, HXK1, HXT5, and
GPH1 (carbohydrate metabolism); SPI1, PIR3, GSC2 and

CWP1 (cell wall maintenance); and GIT1, BAP2, BAP3, and
HXT5 (metabolite transport). Several genes repressed in the
ESR (45) were also repressed in response to amphotericin B
(see Supplemental Material, Table B), including ADE2, FUI1,
and FUR1 (nucleotide metabolism); and HAS1 (RNA process-
ing). These results indicate that a general stress response is
exerted in S. cerevisiae cells in response to amphotericin B
treatment.

Reconstructing the cell membrane might be one of the ways
in which cells would respond to membrane disruptions caused
by amphotericin B. This is reflected in the induction of genes
involved in lipid, fatty acid, and sterol metabolism, such as
PLB1 and INO1 (Fig. 4). In addition, the gene GIT1 was in-

FIG. 4. Distribution of amphotericin B-responsive genes. Gene annotations and expression values are as in Fig. 2. Genes in the gray boxes
are indicative of major responses to amphotericin B treatment. Genes in boldface are summarized in Fig. 5. An annotated list of all the genes in
each functional category, including expression ratios from individual experiments, can be found in Supplemental Material Table B.
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duced that is involved in the transport of glycerophosphoinosi-
tol, a precursor to several phospholipids that are essential
membrane components in S. cerevisiae cells. The responses
involved with phospholipid metabolism are in agreement with
the hypothesis that amphotericin B interacts with phospholip-
ids in the cell membrane in order to exert its effect (43).

In addition to genes involved in cell membrane preservation,
six genes involved in cell wall maintenance were also induced
in response to amphotericin B treatment in this study (Fig. 4),
including SPI1, PIR3, GSC2, YPS3, CWP1, and PST1. These
results are in agreement with previous observations that cell
wall components can affect the interaction of amphotericin B
with the cytoplasmic membrane (10). It was shown that sta-
tionary phase C. albicans cells were more resistant to polyenes
than exponential phase cells. It has been suggested that be-
cause the turnover of cell wall constituents is slower in station-
ary phase cells, polyenes would have less access to the cell
membrane in that phase. The cell wall maintenance genes that
were induced in response to amphotericin B in this study are
involved in the cell wall stress-response pathway, which re-
flects a compensatory reaction to cell wall damage (reviewed in
Ref. 51). The gene BAG7 (a gene in the signal transduction
category, see Supplemental Material, Table B), which was in-
duced �56-fold in response to amphotericin B in this study, is
also involved in regulating key components of the cell wall
stress-response pathway (52).

The correlation between cell wall integrity and polyene bind-
ing to cell membrane is also consistent with a recent study
conducted on a nearly complete (96% of all annotated genes)
collection of gene-deletion mutants in S. cerevisiae (44). These
mutants were analyzed in parallel, and the fitness contribution
of each gene was quantitatively assessed in response to various
environmental conditions, including challenge with the anti-
fungal polyene nystatin. Interestingly, two of the deletion
strains most sensitive to nystatin, my05� and bro1�, had de-
letions in genes required for cell wall structure and integrity.
This result supports the observation that cell wall components
can affect the binding of polyene compounds to the cell mem-
brane. In contrast, the two genes MYO5 and BRO1 were not
affected by amphotericin B treatment in the current study. As

indicated by Giaever et al. (44), there is little correlation be-
tween fitness profiling and transcription profiling data.
Whether this is due to post-transcriptional regulation of some
genes or other factors is not presently understood.

Comparison between the results from this study and the
microarray study by Zhang et al. (18) revealed several differ-
ences in the responses observed, which could be due to differ-
ences in the experimental conditions such as media conditions
(e.g. rich medium was used in the previous study), yeast strains
(strain L1190 was used in the previous study), and drug con-
centration used (e.g. 20-fold higher concentration of amphoter-
icin B was used in the previous study). Among the genes that
responded similarly between the two studies, the gene TIS11 is
of particular interest (Fig. 4, transcription category). Tis11p is
a glucose-repressible zinc finger protein of unknown function
(53). It is possible that glucose depletion in amphotericin B-
exposed cells leads to the induction of genes such as TIS11,
HXT4, and HXT5 (Fig. 4). The induction of PHO5 in the two
microarray studies indicates the need to increase phosphate
uptake in response to amphotericin B, phosphate being an
essential nutrient required for the synthesis of several cellular
components such as lipids, proteins, nucleic acids, and sugars.
In addition, the genes PHM6, PHM8, and HOR2 that were
induced in the current study (Fig. 4) are also regulated by the
PHO regulatory system involved in the regulation of phosphate
uptake from extracellular sources (54). Thus, membrane recon-
struction, cell stress, improvement of cell wall integrity, phos-
phate uptake, and perhaps glucose depletion appear to be the
major responses to amphotericin B (Fig. 5).

Gene Expression Responses to Caspofungin—A total of 192
genes responded to caspofungin treatment under the experi-
mental conditions tested. Of these, 137 genes showed a signif-
icant increase in expression, and 55 genes showed a significant
decrease in expression. The distribution of the responsive
genes and their biological roles are shown in Fig. 6. The cate-
gory of genes with responses most relevant to the mechanism of
caspofungin action, i.e. inhibition of �-1,3-glucan synthase, is
the cell wall maintenance group. The genes induced in this
group include PIR3, CWP1, YPS3, YLR194C, CRH1, and PST1
(cell wall-related proteins); GSC2, KRE11, and ECM4 (cell wall

FIG. 5. Summary of gene expression responses to amphotericin B. The functional features of the gene expression responses to ampho-
tericin B are summarized.

Genomic Response of S. cerevisiae to Antifungal Agents35006

 at R
esearch L

ibrary Inform
ation G

rp, N
ational Institute of Standards and T

echnology on June 8, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

YM95NC Attachment -- Page 117

http://www.jbc.org/


biosynthesis); KTR2 and EXG2 (cell wall modification); and
SLT2 and MTL1 (cell wall stress response signal transduction).
The genes present in this category belong to the cell wall
integrity pathway, which is activated in response to cell wall
disrupting agents, such as cell wall lytic enzymes, hypo-osmotic
stress, heat stress, cell wall weakening mutations, and chemi-
cals such as the anionic detergent SDS and Calcofluor (an
agent that interferes with chitin crystallization) (reviewed in
Refs. 51 and 55). These responses include (i) increase in the
synthesis of cell wall components, (ii) utilization of alternative
mechanisms for incorporation of cell wall proteins, and (iii)
increase in cell wall strengthening. The increase in the synthe-
sis of cell wall components in response to cell damage has been
shown in several studies utilizing cell wall mutants (reviewed
in Ref. 51). A transcription profiling study conducted in a
mutant strain of S. cerevisiae carrying a disruption in the FKS1
gene, which encodes the catalytic subunit of �-1,3-glucan syn-
thase enzyme, indicated that several genes encoding glyco-
sylphosphatidylinositol-dependent cell wall proteins and glyco-
sylphosphatidylinositol-attached cell membrane proteins were
up-regulated in fks1� cells, including PST1, YPS3, YLR194C,
CRH1, and CWP1 (56). These genes were also induced in re-
sponse to caspofungin in the current study (Fig. 6). In addition,
the gene FKS2 (also known as GSC2) was induced in the fks1�
cells. The gene FKS2 is homologous to FKS1 and encodes an
alternative catalytic subunit of �-1,3-glucan synthases. Thus,

the induction of GSC2 in the current study is in agreement
with the need to synthesize cell wall glucans when glucan
biosynthesis is compromised.

Another response to cell wall stress, i.e. the increase in cell
wall strength, is indicated not only by the induction of genes
encoding cell wall proteins in this study but also by the induc-
tion of KRE11, a gene required for the synthesis of �-1,6-glucan
(Fig. 6). The cell wall of S. cerevisiae is composed of three major
components: glucan, mannoproteins, and chitin (57). Glucan
consists of two types of polymers, �-1,3-glucan and �-1,6-glucan
that account for 50 and 10% of the dry weight of the cell wall,
respectively. Whereas �-1,3-glucan molecules form an internal
skeletal layer, �-1,6-glucan plays an important role as a cross-
linker connecting the cell wall proteins, chitin and �-1,3-glucan
to each other. Thus, when �-1,3-glucan levels are low, as in
caspofungin treatment, the cells may compensate by increasing
�-1,6-glucan through the induction of KRE11 and thereby also
increasing the strength of the cell wall.

Although several genes involved in cell wall maintenance
were induced in response to caspofungin in this study, it is
worth noting that the gene SBE2, encoding a Golgi protein
involved in the transport of cell wall components, was not
induced. Overexpression of SBE2 was shown to confer resist-
ance, whereas deletion of SBE2 conferred hypersensitivity
to caspofungin (58). It is possible that a low level exposure
to caspofungin for a short period of time, as was done in

FIG. 6. Distribution of caspofungin-
responsive genes. Gene annotations
and expression values are as in Fig. 2.
Genes in the gray boxes are indicative of
major drug-specific responses. Genes in
boldface are summarized in Fig. 7. An
annotated list of all the genes in each
functional category, including expres-
sion ratios from individual experiments,
can be found in Supplemental Material
Table C.
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the current study, may not be sufficient to induce the expres-
sion of SBE2. It is also possible that SBE2 is not transcrip-
tionally responsive to caspofungin and is regulated
posttranscriptionally.

In this study, the induction of the genes SLT2 (encoding a
MAP kinase) and MTL1 (encoding a transmembrane protein)
in response to caspofungin is indicative of the involvement of
specific signal transduction pathway components required for
cell wall stress-induced responses (Fig. 6, cell wall maintenance
and signal transduction category). This signal transduction
pathway involves a putative sensor in the plasma membrane
that senses defects in the cell wall. The gene MTL1 encodes a
membrane protein and has been hypothesized to be a cell wall
sensor (reviewed in Ref. 51). Thus, its induction in response to
caspofungin is supportive of this proposed role. Downstream of
the sensor is a protein designated as Rho1p, a GTPase, that
serves as an integral regulatory subunit of the �-1,3-glucan
synthase complex. Rho1p can directly activate glucan synthesis
through interaction with Fks1p and Fks2p, but it can also
activate protein kinase C (encoded by PKC1) that in turn can
activate a MAP kinase (encoded by SLT2) (reviewed in Refs. 51
and 55). Activation of Slt2p leads to the activation of transcrip-
tion factors that regulate the transcription of several cell wall
stress-response genes. A genome-wide survey of S. cerevisiae
cells in which the cell wall stress-response signaling pathway
was strongly active showed that induction of this pathway
resulted in the induction of genes such as SLT2, FKS2, PST1,
CRH1, CWP1, and PIR3 (59). It is interesting to note that one
of the transcription factors activated by SLT2 is Rlm1p. Jung
and Levin (59) have also shown that the transcriptional induc-
tion, caused by overactivation of the cell wall stress-response
signaling pathway, was abolished in an rlm1� mutant. This
result indicates that Rlm1p plays an important role in regulat-
ing the expression of cell wall stress-response genes. Interest-
ingly, the gene RLM1 was induced in response to caspofungin
in the current study (Fig. 6, transcription category). Thus, the
induction of MTL1, SLT2, and RLM1 in this study is consistent
with their roles in the cell wall integrity pathway.

Another component of the cell wall stress-response pathway
is the GTPase-activating protein Bag7p that activates Rho1p in
vitro (reviewed in Ref. 51). Bag7p also suppresses the lethality
of Rho1p hyperactivation in response to cell wall damage (52).
It has been suggested that Bag7p interacts with Rho1p and is
involved in controlling actin cytoskeleton reorganization. It is
worth noting that the gene BAG7 was induced �76-fold in
response to caspofungin in this study (Fig. 6, signal transduc-
tion category). The genes YPK2 and PTP2 were also induced in
the current study (Fig. 6, signal transduction category). YPK2
encodes a yeast protein kinase that acts as a regulator of the
cell wall stress response MAP kinase cascade (60). Mutants in
S. cerevisiae lacking YPK2 display severely reduced activation
of the MAP kinase pathway. The PTP2 gene encodes a protein-
tyrosine phosphatase that can also regulate this kinase path-
way by inactivating the MAP kinase encoded by SLT2 (61).
Thus, YPK2 and PTP2 regulate the cell wall integrity pathway
by controlling the phosphorylation and dephosphorylation of
kinases involved in this pathway. The PTP2 gene was also
induced in fks1� mutants of S. cerevisiae (56).

Taken together, these results suggest that exposure to caspo-
fungin, an inhibitor of �-1,3-glucan synthase, causes the cells to
improve their cell wall integrity by triggering components of
the cell wall stress-response pathway including a cell wall
sensor (MTL1), a MAP kinase (SLT2), regulators of the MAP
kinase (YPK2 and PTP2), a GTPase activator (BAG7), a tran-
scription factor (RLM1), and several genes regulated by Rlm1p

that are either cell wall-related proteins (PIR3, CWP1, YPS3,
YLR194C, CRH1, and PST1) or cell wall biosynthesis genes
(GSC2 and KRE11). Fig. 7 summarizes the results from this
study and highlights the caspofungin-responsive genes and the
various components of the cell wall integrity pathway.

Apart from the response in cell wall integrity pathway,
caspofungin treatment resulted in the down-regulation of
genes involved in mating response (Fig. 6). These include
AGA1, FIG1, FIG2, SAG1, FUS1, FUS3, SST2, STE3, and
KAR4. The mating response requires the formation of a mating
projection, adhesion of cell walls between two cells, and degra-
dation of the cell walls to allow the plasma membranes to fuse
(51). This response is in opposition to the cell wall integrity
response, which appears to be the major response to caspofun-
gin treatment. Therefore, it is not surprising that mating re-
sponse genes are down-regulated in response to caspofungin.

Several genes involved in small molecule transport and ve-
sicular transport were either up- or down-regulated in response
to caspofungin (Fig. 6). It is possible that damage to the cell
wall would cause defects in the plasma membrane affecting
transport of small molecules through the membrane. This
would be compensated for by the induction of genes involved in
facilitating transport.

FIG. 7. Summary of gene expression responses to caspofungin.
Genes in boldface were responsive in this study. Various components of
the cell wall stress-response pathway are summarized.
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As observed with amphotericin B, the exposure to caspofun-
gin also triggered a cell stress response and several genes in
the cell stress category were induced (Fig. 6 and Supplemental
Material, Table C). These include HSP12 and UBI4 (heat
stress, see Ref. 45); GRE1 and HOR2 (osmotic stress, see Ref.
46); CTT1, DDR2, and NTH1 (oxidative stress, see Ref. 47); and
ALD3 and GPH1 (ethanol stress, see Ref. 49). Also several
genes induced in the ESR (45) were also induced in response to
caspofungin (see Supplemental Material, Table C). These in-
clude HSP12, UBI4, YPS6, and PRB1 (protein folding and
degradation); HXT5, AMS1, GPH1, PFK26, ALD4, and HXK1
(carbohydrate metabolism); PIR3, CWP1, and GSC2 (cell wall
maintenance); and BAP2, BAP3, HXT5, and AGP2 (metabolite
transport). Several genes repressed in the ESR (45) were also
repressed in response to caspofungin (see Supplemental Mate-
rial, Table C), including ADE4, FUI1, and AAH1 (nucleotide
metabolism) and HAS1, MTR4, and MAK11 (RNA processing
and modification). As with amphotericin B, a large number of
genes that responded to caspofungin treatment belong to the
“unknowns” category. Perhaps some of these genes play an
important role in the cell wall stress-response pathway because
several components of this pathway remain unidentified in-
cluding factors involved in sensing cell wall defects, in reorga-

nizing the cell wall, and in mediating specific responses origi-
nating from Rho1p.

Gene Expression Responses to 5-Fluorocytosine—A total of
167 genes responded to treatment with 5-FC under the exper-
imental conditions tested. Of these, 99 genes showed a signif-
icant increase in expression, and 68 genes showed a significant
decrease in expression. The distribution of the responsive
genes and their biological roles are shown in Fig. 8. The re-
sponses associated with the mechanism of 5-FC action fell into
the following categories: DNA synthesis, protein synthesis, nu-
cleotide metabolism, and DNA repair. These results are in
agreement with a previous microarray study in S. cerevisiae
with 5-FC (19). The drug 5-FC enters fungal cells with the help
of a permease enzyme and is converted to 5-fluorouracil (5-FU)
by the enzyme cytosine deaminase. Subsequently, 5-FU is con-
verted to 5-fluorouridine phosphate which is incorporated into
RNA, resulting in the inhibition of protein synthesis. In addi-
tion, 5-FU is also converted to 5-fluorodeoxyuridine monophos-
phate, a strong inhibitor of thymidylate synthase, an enzyme
involved in DNA synthesis and nuclear division. Thus, 5-FC
acts by interfering with nucleotide metabolism, as well as RNA,
DNA, and protein synthesis in the fungal cell (reviewed in
Ref. 10).

FIG. 8. Distribution of 5-fluorocy-
tosine-responsive genes. Gene annota-
tions and expression values are as in Fig.
2. Genes in the gray boxes are indicative
of major drug-specific responses. Genes in
boldface are summarized in Fig. 9. An
annotated list of all the genes in each
functional category, including expression
ratios from individual experiments, can
be found in Supplemental Material Table
D.
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The effect of 5-FC on protein synthesis was reflected in the
repression of genes involved in this process, including genes
encoding ribosomal proteins RPS9A, RPL9B, RPS22B, and
RPL7B (Fig. 8). Similarly, the effect on DNA synthesis was
reflected in the induction of genes involved in this process,
including RFA2 (encoding DNA replication factor A) and PRI2
(encoding DNA primase) (Fig. 8). This result indicates that the
cells responded to the inhibition of DNA synthesis by inducing
genes required for DNA synthesis. In addition, the cells re-
sponded by inducing genes involved in DNA-damage repair.
These include the DNA repair genes RAD51, RAD54, DUN1,
and DIN7 and the nucleotide metabolism genes RNR1, RNR2,
RNR3, and RNR4 (Fig. 8). These genes belong to the “DNA
damage signature cluster” and are induced in response to
DNA-damaging agents such as methylmethane sulfonate
(MMS) and ionizing radiation (62). The gene PLM2 has been
implicated in the maintenance of the 2-�m plasmid in yeast
and is also included in this cluster (62). Notably, PLM2 was
also induced in response to 5-FC in this study (represented in
the other function category, Fig. 8). The genes RAD51 and
RAD54 are involved in homologous recombination and the re-
pair of double-strand DNA breaks (63). The gene DUN1 is
involved in cell cycle arrest and transcriptional regulation of
genes in DNA damage response (64). The gene DIN7 encodes a
protein that is a structural homolog of the DNA repair genes
RAD2 and RAD27 (65). The RNR genes encode subunits of the
enzyme ribonucleotide reductase that catalyzes the rate-limit-

ing step of deoxyribonucleotide biosynthesis (reviewed in Ref.
66). Their induction may be required to increase or alter the
synthesis of nucleotide pools for DNA replication. The high
level of induction of RNR3 (�47 times) is consistent with pre-
vious observations where RNR3 transcript levels increased up
to 100-fold upon DNA damage (67). Thus, the induction of
genes in the DNA repair and nucleotide metabolism category is
consistent with the need to repair the DNA damage exerted by
5-FC.

In addition to DNA repair, cells also respond to DNA damage
by arresting the cell cycle to provide time for repair. The DNA
damage-response mechanism generates a signal that arrests
cells in the G1 phase of the cell cycle, slows down S phase (DNA
synthesis), and arrests cells in the G2 phase (reviewed in Ref.
68). Several cell cycle-regulated genes repressed by DNA-dam-
aging agents such as MMS and ionizing radiation (60) were
also repressed in response to 5-FC treatment in this study (Fig.
7). These genes include SIC1, FAR1, PCL9, and EGT2 (cell
cycle control); HBT2 and HST3 (chromosome/chromatin struc-
ture); CTS1, HOF1, NIS1, DSE1, DSE2, DSE3, and DSE4
(cytokinesis); and SWI5 and ASH1 (transcription).

The genes CTS1 and EGT2 were also repressed in response
to 5-FC in a previous microarray study (19). It was also shown
that treatment of S. cerevisiae cells with 5-FC inhibited the
separation of daughter cells from their mother cells (19), con-
sistent with its effect on the cell cycle and cytokinesis. Al-
though there was general agreement in the types of responses

FIG. 9. Summary of gene expression
responses to 5-fluorocytosine. Genes
in boldface were responsive in this study.
Underlined genes were repressed by
5-fluorocytosine treatment. Various com-
ponents of the DNA damage response
pathway are summarized.
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to 5-FC between the current study and the previous study by
Zhang et al. (19), only 13 genes responded similarly in the two
studies. This could be due to differences in the strains (L1190
was used in the previous study), media (rich medium was used
in the previous study), and drug concentration used (�80-fold
higher concentration of 5-FC was used in the previous study).

An additional gene that was down-regulated in response to
5-FC treatment in this study was the HO gene in the chroma-
tin/chromosome category (Fig. 8). The HO gene encodes a hom-
ing endonuclease that introduces site-specific double-strand
breaks in DNA at the MAT locus causing mating-type switch-
ing (69). Because 5-FC induces the DNA damage repair path-
way, it makes sense that a gene such as HO that damages DNA

would be down-regulated. The HO gene is regulated not only
transcriptionally during late G1 phase of the cell cycle but is
also regulated post-transcriptionally during DNA damage re-
sponse when the HO protein is degraded through the ubiquitin-
26 S proteasome system (69). Based on the current study with
5-FC, it appears that HO is also regulated at the transcrip-
tional level by the DNA damage-response pathway.

It is interesting to note that most of the cell cycle-regulated
genes were down-regulated in response to 5-FC; however, the
gene HUG1 in the cell cycle control category was strongly
induced (�47-fold) in this study (Fig. 8). Transcription of
HUG1 is induced in response to DNA damage and replication
arrest (induced by hydroxyurea and UV and �-radiation, see

FIG. 10. Drug-specific gene expression responses to ketoconazole (A), amphotericin B (B), caspofungin (C), and 5-fluorocytosine
(D). The x axis represents the DI value. The difference index was calculated as follows: DI � log2(fold change of gene X in drug exposure A) �
log2(average fold change of gene X in all drug exposures). The DI represents how expression levels induced by one drug differ from the average
expression level induced by all four drugs studied.
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Ref. 62). The HUG1 gene has been identified as a component of
the DNA-damage checkpoint response using deletion and over-
expression mutants of S. cerevisiae (70). Thus, the induction of
HUG1 expression in response to 5-FC is consistent with its role
in DNA damage response.

In addition to responses related to the mechanism of action of
5-FC, there was also a general induction of stress response
(Fig. 8 and Supplemental Material, Table D). Genes induced in
the cell stress category included HSP12 and HSP26 (heat
stress, see Ref. 45); GRE1 (osmotic stress, see Ref. 46); DDR2
(oxidative stress, see Ref. 47); and YGP1, XBP1, GTT1, and
SHC1 (various stress conditions including heat, nitrogen de-
pletion, and hydrogen peroxide, see Ref. 45). In addition, sev-
eral genes induced in the ESR (45) were also induced in re-
sponse to 5-FC treatment (Fig. 8 and Supplemental Material,
Table D), including HSP12, HSP26, YRO2, SSE2, and YPS3
(protein folding and degradation); MTH1 (carbohydrate metab-
olism); ECM4 and SHC1 (cell wall maintenance); and BAP2
and BAP3 (metabolite transport). This result is consistent with
previous observations in which the ESR was rapidly induced in
response to DNA damage by MMS and ionizing radiation in S.
cerevisiae cells (62).

There were also several genes in the transport category that
were affected by 5-FC; in particular, the gene MEP2 was re-
pressed �34-fold (Fig. 8). The gene MEP2 encodes an NH4

�

transport protein that is down-regulated when S. cerevisiae
cells are grown in the presence of an appropriate nitrogen
source (71). It is possible that the strong repression of MEP2 in
5-FC-treated cells is due to the build up of NH4

� resulting from
the deamination of 5-FC to 5-FU by cytosine deaminase. MEP2
was also down-regulated in response to the DNA damage-
inducing agents, MMS and ionizing radiation (62). As with
caspofungin and amphotericin B, there are several genes in the
unknown category that respond to 5-FC treatment. Some of
these may also play a function in DNA damage response or
alternatively, they may participate in an as-yet-unknown re-

sponse to 5-FC. Fig. 9 summarizes the responses to 5-FC and
highlights the genes whose expression was affected in this
study.

Drug-specific Gene Expression Responses—In order to iden-
tify the gene expression responses specific to each drug tested,
a difference index (DI) was generated (22). The difference index
was calculated as follows, DI � log2(fold change of gene X in
drug exposure A) � log2(average fold change of gene X in all
four drug exposures). Thus, the DI represents how expression
levels induced by one drug differ from the average expression
level induced by all four drugs studied. Because the absolute
value of fold changes were used as the log argument, genes that
had negative expression values (i.e. were down-regulated) were
assigned positive values. Thirty five genes with the highest DI
values were represented in a graph (DI value versus gene) for
each drug (Fig. 10). These graphs provide a clear indication of
drug-specific responses. For example, responses specific to ke-
toconazole were in ergosterol pathway genes and in Upc2p-
regulated genes (Fig. 10A). Specific responses to amphotericin
B included genes in the following categories: cell stress, phos-
phate metabolism, transport, and cell wall integrity (Fig. 10B).
Caspofungin-specific responses were in genes represented in
the cell wall stress-response pathway and the mating response
category (Fig. 10C). Effects specific to 5-fluorocytosine repre-
sented genes in the DNA damage repair, nucleotide metabo-
lism, protein synthesis, cytokinesis, and cell cycle control cat-
egories (Fig. 10D). In addition, there are several genes in the
unknown category that show specific responses to each of the
four drugs. This may suggest a possible function of these genes
in drug sensitivity or resistance. Thus, the DI graphs make it
possible to generate “signature profiles” that represent specific
gene expression responses to each of the four drugs tested.
These signature profiles will be useful in determining the
mechanism of action of novel compounds with antifungal
activity.

Responses Observed with All Four Drugs—Table II shows a

TABLE II
Responses observed with all four drugs

Cellular role ORF Gene Description

Cell cycle control YJL157C FAR1a Factor arrest protein

Cell stress YFL014W HSP12 12-kDa heat shock protein
YOL053C-A DDR2 DNA damage-responsive
YPL223C GRE1 Induced by osmotic stress

Cell wall maintenance YHL028W WSC4b Putative integral membrane protein with novel cysteine motif
YDR055W PST1 GPIc-attached protein

Lipid, fatty acid and sterol metabolism YJL153C INO1 L-Myo-inositol-1-phosphate synthase

Mating response YNR044W AGA1 Anchorage subunit of �-agglutinin
YML047C PRM6 Pheromone-regulated membrane protein

Protein degradation YLR121C YPS3 GPI-anchored aspartic protease

Transport YBR068C BAP2 Probable amino acid permease for leucine, valine, isoleucine
YDR046C BAP3 Valine transporter
YKR039W GAP1 General amino acid permease
YNL142W MEP2 Ammonium transport protein
YJL212C OPT1 Oligopeptide transporter
YGR138C TPO2 Polyamine transport protein

Unknown YLR267W BOP2 Bypass of PAM1
YKR091W SRL3 Suppressor of Rad53 null lethality
YHR138C Homologous to PBI2, proteinase inhibitor
YGR043C Hypothetical ORFd

YPL088W Hypothetical ORF
YBR005W Hypothetical ORF
YGR146C Hypothetical ORF
YGL121C Hypothetical ORF

a Non-highlighted genes responded in at least three of the four drug treatments.
b Highlighted genes responded in all four drug treatments.
c GPI, glycosylphosphatidylinositol.
d ORF, open reading frame.
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list of genes that responded similarly to the four drug treat-
ments. Non-highlighted genes represent those genes that re-
sponded to at least three of the four drugs tested, and genes in
boldface italic represent those that responded to all four drug
treatments. This list probably represents genes that are in-
volved in survival mechanisms that yeast cells employ when
exposed to toxic agents. It is worth noting that only 24 genes
responded similarly to three different drug exposures, indicat-
ing that the majority of responses are not related to generalized
survival mechanisms and therefore represent specific re-
sponses to each drug. However, some of the genes shown in
Table II are represented in the DI graphs used to identify
drug-specific responses (Fig. 10). These genes include GRE1,
HSP12, and DDR2 (amphotericin B); AGA1 and YPS3 (caspo-
fungin); and MEP2 and GAP1 (5-FC). It is worth noting that
these genes were strongly induced or strongly repressed in
response to specific drug treatments. For example, MEP2, en-
coding an NH4

� transport protein, is �34-fold repressed by
5-FC (Fig. 8), and this is possibly because of NH4

� accumulation
in the cells due to 5-FC deamination. Similarly GRE1, a gene
induced by osmotic stress, is �93-fold up-regulated by ampho-

tericin B (Fig. 4); this up-regulation indicates the loss of os-
motic balance resulting from the leakage of ions due to mem-
brane damage. These results indicate that the magnitude of the
fold change for a particular gene may be specific for a given
treatment, even though its expression level may show changes
under a variety of conditions as a generalized stress response.
Thus, in these types of drug exposure studies, it is also impor-
tant to examine the data using tools such as the difference
index to identify specific versus nonspecific responses to drug
treatments.

Validation of Microarray Data by Real Time RT-PCR—To
validate the differential expression of genes obtained by mi-
croarray analysis, real time RT-PCR was performed using the
same RNA from the original microarray experiment. Twenty
genes (5 per drug) were selected not only to confirm their
importance in the mechanism of action of the respective drugs
(e.g. ERG11 and ERG26 for ketoconazole; GSC2 for caspofun-
gin; and RNR3 and RFA2 for 5-FC) but also to verify the novel
responses identified in this work (e.g. UPC2, DAN1, and AUS1
for ketoconazole; PHM8, HXT5, and YPS3 for amphotericin B;
MTL1, RLM1, BAG7, and SLT2 for caspofungin; and HO,

FIG. 11. Quantitative real time RT-
PCR analysis of genes identified as
differentially expressed by microar-
ray experiments. Twenty genes identi-
fied as differentially expressed by mi-
croarray analysis were examined by
quantitative real time RT-PCR with gene-
specific primers. Assays were performed
in triplicate with SYBR® Green I dye us-
ing the GenAmp® 5700 Sequence Detec-
tion System. Data were normalized to an
internal control (18 S rRNA), and the
��CT method was used to obtain the rel-
ative expression level for each gene. Data
are shown as mean � S.D. Error bars
were generated by transformation of
mean ��CT values � one S.D. unit, taken
to 2�n. A, gene expression changes in 20
genes (5 per drug) detected by real time
RT-PCR. B, validation of drug-specific
gene expression responses. Primers spe-
cific for ERG11 were assayed in real time
PCRs using RNA from AmB-, CPF-, and
5-FC-treated samples. Primers specific
for RNR3 were tested against RNA from
ketoconazole-, amphotericin B-, and
caspofungin-treated samples. KTZ, keto-
conazole; AmB, amphotericin B; CPF,
caspofungin.
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DSE4, and PCL1 for 5-FC). For all 20 genes, there was com-
plete correlation between real time RT-PCR and microarray
data (Fig. 11A). In agreement with the microarray data, 17
genes showed up-regulation and 3 genes showed down-regula-
tion in response to drug treatment. Furthermore, genes that
showed high levels of induction in the microarray experiment
also showed high levels of induction in real time RT-PCR as-
says (e.g. DAN1 in response to ketoconazole and RNR3 in
response to 5-FC). However, DAN1 and RNR3 showed a higher
level of induction in real time RT-PCR assays (129- and 127-
fold induction, respectively, Fig. 11A) compared with the mi-
croarray data (54- and 47-fold induction, respectively, Figs. 2
and 8). This discrepancy could be attributed to the fact that the
Affymetrix software assigned an “absent” call to both genes in
the untreated sample, i.e. these genes were undetectable in the
untreated samples and were highly induced upon drug treat-
ment. Fold induction values obtained from microarray analysis
can be particularly misleading in cases where poor or no hy-
bridization signals are generated in one of the samples due to
low expression levels of specific genes in that sample.

For the remaining 18 genes, the levels of gene induction did
not differ markedly between microarray data and real time
RT-PCR data. A few minor discrepancies that were observed
could be explained, in part, by the greater dynamic range of
real time RT-PCR assays. In addition, cross-hybridization may
occur in microarray experiments with splice variants or related
genes. For example, HXT5 shows 65–75% identity at the nu-
cleotide level to 17 related HXT genes.

In order to provide further confirmation of gene-specific re-
sponses to the drugs tested, additional negative control assays
were performed. Primers specific for the ERG11 gene were
used in real time RT-PCR assays with RNA from amphotericin
B-, caspofungin-, and 5-FC-treated samples. For all three sam-
ples, there was no significant induction of ERG11 compared
with the untreated control (Fig. 11B). Similarly, primers spe-
cific for the RNR3 gene were tested with RNA from ketocon-
azole-, amphotericin B-, and caspofungin-treated samples. No
significant induction of RNR3 was detected in the three sam-
ples assayed (Fig. 11B). These results provide further evidence
that the genes assayed by real time RT-PCR respond specifi-
cally to the respective drug treatments.

Susceptibility of upc2 Mutant Strains to Ketoconazole—Be-
cause ketoconazole treatment resulted in the induction of
UPC2 (Fig. 2), a gene that encodes a transcription factor in-
volved in regulating sterol biosynthesis and uptake, it is pos-
sible that any alteration in UPC2 levels would have an effect on
the susceptibility to ketoconazole. The upc2-1 mutant accumu-
lates �6-fold more exogenous sterols compared with the wild
type (39), which could reduce the level of inhibition caused by
ketoconazole. Conversely, the deletion of UPC2 results in re-
duced sterol uptake (39, 72) and could cause an increase in the
inhibitory effect of ketoconazole. To test this hypothesis, the
susceptibility of S. cerevisiae to ketoconazole was tested in the
upc2-1 mutant and a upc2 deletion mutant.

Experiments were performed in the presence of erogosterol
(10 �g/ml), and cells were grown under anaerobic conditions to
allow exogenous sterol uptake. It is known that S. cerevisiae
cells are not able to uptake sterols under aerobic conditions due
to the phenomenon of aerobic sterol exclusion, i.e. under aero-
bic conditions S. cerevisiae cells synthesize ergosterol and are
not dependent upon exogenous sterols for survival (73).

As can be seen in Fig. 12, the upc2-1 mutant was less sus-
ceptible to ketoconazole under these growth conditions. The
IC50 for ketoconazole increased from 2 �g/ml in the wild type
strain to 4.8 �g/ml in the upc2-1 mutant, and the MIC (concen-
tration at which there was no detectable growth) increased

from 3.7 to 11.1 �g/ml, respectively (Fig. 12A). No significant
difference in ketoconazole susceptibility was detected under
aerobic growth conditions even though the upc2-1 mutant is
capable of accumulating exogenous sterols during aerobic
growth (data not shown). It is possible that the amount of sterol
accumulated in the upc2-1 mutant under aerobic conditions is
not enough to counterbalance the effect of ketoconazole. Be-
cause UPC2 is induced under anaerobic conditions (74, 75), it is
likely that higher levels of sterol are accumulated anaerobi-
cally resulting in reduced susceptibility to ketoconazole.

Comparison of the upc2� mutant to its isogenic wild type
indicated that the upc2� mutant was more susceptible to ke-
toconazole under the experimental conditions tested (Fig. 12B).
The IC50 decreased from 6 �g/ml in the wild type strain to 1.8
�g/ml in the upc2� strain, and the MIC decreased from 11.1 to
3.7 �g/ml, respectively. The increased susceptibility to ketocon-
azole of the upc2� mutant under anaerobic conditions is con-
sistent with the hypothesis that reduced sterol uptake in the
mutant would increase the inhibitory effect of ketoconazole.

Interestingly, a recent report (21) indicated that UPC2 was
induced in S. cerevisiae cells exhibiting reduced susceptibility
to fluconazole and itraconazole. Similar results were reported
in S. cerevisiae cells overexpressing the SUT1 gene (encoding a
second transcription factor involved in regulating sterol up-

FIG. 12. Dose-response curves of ketoconazole-treated cells.
Mutant strains and their isogenic wild type strains were grown in
microplates, at 30 °C for 48 h, in SC medium containing varying con-
centrations of ketoconazole and 10 �g/ml ergosterol. Microplates were
incubated under anaerobic conditions as described under “Experimen-
tal Procedures.” Four replicates of each assay were performed. Percent
growth is shown as mean � S.D. A, susceptibility to ketoconazole of
upc2-1 mutant and its isogenic wild type (WT). B, susceptibility to
ketoconazole of upc2� mutant and its isogenic wild type. KTZ,
ketoconazole.
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take), which showed increased resistance to the ergosterol bio-
synthesis inhibitor fenpropimorph, in medium supplemented
with ergosterol (24). Taken together, the current study sug-
gests an important role for UPC2 in determining sensitivity to
ergosterol biosynthesis inhibitors.

In conclusion, the microarray studies reported here have
revealed specific changes in gene expression consistent with
known mechanisms of action, changes suggesting previously
unidentified effects of these agents, and nonspecific changes to
antifungal agents in general. Gene expression profiling will
likely be useful for screening compounds to identify candidates
with specific mechanisms of antifungal activity. The approach
will also be useful in identifying the mechanisms of action for
compounds identified as exhibiting activity through other
screens. These findings lay the groundwork for the application
of functional genomics to identify gene expression profiles that
will be useful in an antifungal drug development program.
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Médecine, Institute for Research on Cancer and Aging in Nice (IRCAN), INSERM U1081, CNRS UMR 7284, University of

Nice, Nice, France

Abstract

The budding yeast, Saccharomyces cerevisiae, is a leading system in genetics, genomics

and molecular biology and is becoming a powerful tool to illuminate ecological and

evolutionary principles. However, little is known of the ecology and population struc-

ture of this species in nature. Here, we present a field survey of this yeast at an

unprecedented scale and have performed population genetics analysis of Chinese wild

isolates with different ecological and geographical origins. We also included a set of

worldwide isolates that represent the maximum genetic variation of S. cerevisiae docu-

mented so far. We clearly show that S. cerevisiae is a ubiquitous species in nature,

occurring in highly diversified substrates from human-associated environments as well

as habitats remote from human activity. Chinese isolates of S. cerevisiae exhibited

strong population structure with nearly double the combined genetic variation of iso-

lates from the rest of the world. We identified eight new distinct wild lineages (CHN I

–VIII) from a set of 99 characterized Chinese isolates. Isolates from primeval forests

occur in ancient and significantly diverged basal lineages, while those from human-

associated environments generally cluster in less differentiated domestic or mosaic

groups. Basal lineages from primeval forests are usually inbred, exhibit lineage-specific

karyotypes and are partially reproductively isolated. Our results suggest that greatly

diverged populations of wild S. cerevisiae exist independently of and predate domesti-

cated isolates. We find that China harbours a reservoir of natural genetic variation of

S. cerevisiae and perhaps gives an indication of the origin of the species.

Keywords: biogeography, ecology, evolution, population genetics, Saccharomyces cerevisiae
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Introduction

The budding yeast Saccharomyces cerevisiae is used

worldwide as a microbial agent for baking, fermenta-

tion of wine, beer and other alcoholic beverages. This

organism is also an extensively used model system in

genetics and molecular biology and was the first

sequenced eukaryote genome (Goffeau et al. 1996).

Two-thirds of the ~6000 identified genes of the species

have been characterized (Kumar & Snyder 2001; Peña-

Castillo & Hughes 2007). As one of the most thoroughly

studied eukaryotic species with the advantages of a

short generation time, control of the sexual cycle and

easy genome manipulation, S. cerevisiae is now becom-

ing an important model in ecology, population and evo-

lutionary genetics (Dickinson 2000; Zeyl 2000; Liti &

Louis 2005; Landry et al. 2006; Ruderfer et al. 2006;

Replansky et al. 2008).

Our understanding of the ecology and population

structure of S. cerevisiae in the wild is still limited. Until

recently, S. cerevisiae was considered a domesticated
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species and no truly natural isolates existed. The occa-

sional isolates of S. cerevisiae found in nature were

thought to be feral strains with origins from domestic

stocks (Martini 1993; Vaughan-Martini & Martini 1995;

Naumov 1996; Ciani et al. 2004). Because of the poten-

tial complications of domestication, its closest relative,

S. paradoxus, is considered a better model for ecology

and evolutionary biology (Greig 2007; Replansky et al.

2008; Tsai et al. 2008). S. paradoxus is found globally

coexisting frequently with S. cerevisiae but rarely associ-

ates with human activity (Naumov et al. 1998; Sniegow-

ski et al. 2002; Sampaio & Gonçalves 2008). Phylogenetic

analysis of multiple genes in S. paradoxus populations

has shown that isolates from Europe form a single

recombining population within which genetic differenti-

ation increases with physical distance (Koufopanou

et al. 2006). No shared polymorphisms were found

between European, Far East Asian and North American

S. paradoxus populations, suggesting that there are at

least three independent lineages (Johnson et al. 2004;

Koufopanou et al. 2006; Liti et al. 2006; Kuehne et al.

2007). A few European isolates were also isolated in

North America presumably following a transoceanic

migratory event, suggesting secondary contact between

European and North American populations. However,

genetic admixture was not detected between the two

populations, reinforcing allopatric S. paradoxus popula-

tions that diverged genetically and evolved reproduc-

tive barriers (Kuehne et al. 2007).

A different population structure scenario has been

described in S. cerevisiae. This species exists in both

wild and domesticated populations that are phylogenet-

ically distinct (Fay & Benavides 2005). Early studies

showed that genetic variation among S. cerevisiae iso-

lates was limited compared with S. paradoxus isolates

and not clearly correlated with geographical location

(Sniegowski et al. 2002; Aa et al. 2006; Liti et al. 2006). A

population genomics study based on genome rese-

quencing of over seventy isolates of S. cerevisiae and

S. paradoxus sampled from different ecological niches

and from locations on different continents confirmed

that S. paradoxus populations are well delineated along

geographical boundaries, whereas the worldwide

S. cerevisiae isolates show less differentiation and are

comparable with a single S. paradoxus population (Liti

et al. 2009). From a set of 38 S. cerevisiae isolates with

worldwide origin, five well-defined, geographically iso-

lated lineages (Malaysian, West African, Sake, North

American and ‘Wine/European’) and many different

recombinant (mosaics) strains of these lineages were

characterized (Liti et al. 2009). Surveying of genome

scale single nucleotide polymorphisms (SNPs) by micro-

array analysis in 63 S. cerevisiae isolates from similar

ecological and geographical origins as those employed

in Liti et al. (2009) revealed three distinct lineages (wine,

sake and laboratory), which reflect different ecological

but not geographical origins (Schacherer et al. 2009).

Previous studies suggested separate domestication/

selection events in S. cerevisiae (Fay & Benavides 2005;

Liti et al. 2009; Schacherer et al. 2009) and presented evi-

dence supporting the idea that human activity provided

opportunity for population mixing and recombination

(Liti et al. 2009; Magwene et al. 2011). The limited popu-

lation differentiation observed in S. cerevisiae is suggested

to be the consequence of the long historic association of

the species with humans (Replansky et al. 2008). Never-

theless, these studies have also shown that S. cerevisiae as

a whole is not domesticated. Therefore, truly wild iso-

lates are important to elucidate the population structure

of S. cerevisiae. However, wild populations of the species

were poorly represented in previous studies and were

isolated from a limited range of ecological niches. These

strains were mainly from vineyards, the bark of oak trees

and associated soil (Sniegowski et al. 2002; Aa et al.

2006). The vineyard isolates may not be truly wild. The

oak isolates of S. cerevisiae have been considered to be

truly ‘wild’ (Fay & Benavides 2005); however, the associ-

ation of these isolates with human activities cannot be

excluded. The sampled oak trees were in parks or arbo-

reta, belonging to man-made environments or environ-

ments frequently visited by humans. Therefore, the

population structure of S. cerevisiae in the real wild

remains obscure. The limited number of wild isolates in

previous population genetics and genomics surveys pre-

cluded a reasonable inference of the origin of S. cerevisiae.

Although hypotheses include that modern S. cerevisiae

may have originated in Eastern Asia (Naumov &

Nikonenko 1988) or that the Malaysian population of

S. cerevisiae might be the most ancient representative of

the species (Naumov et al. 2006), solid evidences sup-

porting these hypotheses have not been presented.

In the past few years, we have successfully isolated

S. cerevisiae from an unprecedented scale of diversified

substrates. These samples were collected from human-

associated environments as well as habitats rarely vis-

ited by humans, including primeval forests located in

different regions covering a wide range of climate zones

from northern to southern China. Population genetics

analysis of these wild S. cerevisiae isolates offers new

insights into the ecological distribution, population

structure and biogeography of this species.

Materials and methods

Yeast isolation and identification

Different substrates including damaged fruit, tree bark,

rotten wood and soil were collected from 2006 to 2009

© 2012 Blackwell Publishing Ltd
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from markets, orchards, planted forests, original

secondary forests and primeval forests. These habitats

were located in 11 provinces covering temperate, sub-

tropical and tropical climate zones from northern to

southern China. Yeasts were isolated using the enrich-

ment method as described in Sniegowski et al. (2002)

with minor modifications. The enrichment medium con-

tained (w/v) 0.3% yeast extract, 0.3% malt extract, 0.5%

peptone, 1% glucose, 8% (v/v) ethanol, 200 lg of chl-

oramphenicol/mL and 1 mL of 1 M HCl per litre. After

7 days’ incubation at 25 °C, the enrichment medium

was diluted and spread on WL nutrient agar plates

(MacFaddin 1985) which were then incubated at 25 °C.
Yeast colonies with different colour and morphology

were isolated for further study. S. cerevisiae isolates

were screened and identified using single-strand confor-

mation polymorphism analysis of the internal tran-

scribed spacer 1 (ITS1) region of ribosomal RNA genes

and subsequently confirmed by sequencing the whole

ITS region (Wang et al. 2008).

DNA sequencing and molecular phylogenetic analysis

Nine genes and four intergenic loci were selected based

on previous studies (Fay & Benavides 2005; Aa et al.

2006; Ayoub et al. 2006) and sequenced in a selection of

Chinese S. cerevisiae (Table S1, Supporting information).

Corresponding sequences from the S. cerevisiae and

S. paradoxus isolates released by the Saccharomyces Gen-

ome Resequencing Project (SGRP) (Liti et al. 2009) were

retrieved as references from GenBank or the SGRP web

site. Sequences were aligned using Clustal X program

(Thompson et al. 1997). Phylogenetic trees were con-

structed from the evolutionary distance data calculated

from Kimura’s two-parameter model (Kimura 1980) by

using the neighbour-joining method (Saitou & Nei

1987). Bootstrap analyses (Felsenstein 1985) were per-

formed from 1000 random resamplings. Nucleotide

diversity was analysed using the method of Tajima

(1989). MEGA 5 was used to draw phylogenetic trees

and calculate sequence diversity (Tamura et al. 2011).

Recombination analyses

Different methods were used to determine the extent of

recombination and clonality. First, linkage disequilib-

rium was evaluated by measuring the standardized

index of association (Smith et al. 1993). Two measures

of the index of association (IA and rBarD) for the 13 loci

sequenced were calculated using the program MultiLo-

cus 1.3 (Agapow & Burt 2001) and statistically tested

against 1000 randomized data sets. Second, gene geneal-

ogy concordance was inspected by visual comparison of

topologies of phylogenetic trees drawn from combined

and individual gene sequences using the neighbour-

joining method (Saitou & Nei 1987). Third, incongru-

ence length difference/partition homogeneity test (ILD/

PHT) was performed using PAUP* 4.0beta10 (Swofford

2003). The ILD/PHT analysis was achieved using maxi-

mum parsimony heuristic searches with 10 000 repli-

cates. Finally, recombination was further detected using

DnaSP 5.10 (Librado & Rozas 2009), and the minimum

numbers of recombination events were obtained using

the four-gamete test (Hudson & Kaplan 1985).

Population structure analyses

Population structure was inferred using the program

Structure 2.3 (Pritchard et al. 2000; Falush et al. 2003)

based on 827 SNPs from the 13 loci sequenced. An

admixture model with correlated allele frequencies was

used. The result was visualized using Distruct 1.1

(Rosenberg 2004). Patterns of allelic relatedness of mul-

tilocus genotypes were also evaluated by the principal

component analysis (PCA) using the EIGENSOFT 4.2

package (http://genetics.med.harvard.edu/reich/Reich

_Lab/Software.html) which implements methods from

Patterson et al. (2006) and Price et al. (2006).

PFGE karyotype analysis

Intact yeast chromosomal DNA was prepared using the

method of Bai et al. (2000). Pulsed field gel electropho-

resis (PFGE) was carried out at 6 v/cm for 16 h with a

switch time of 60 s and then for 11 h with a switch time

of 90 s using a contour-clamped homogeneous electric

field electrophoresis apparatus (CHEF-Mapper XA; Bio-

Rad) as described in Wang & Bai (2008). Chromosome

DNA from S. cerevisiae S288c was used as molecular

size marker.

Genetic cross and spore viability analysis

Highly fertile strains representing different lineages of

Chinese wild S. cerevisiae were selected for genetic

crosses (Table 1). Strains DBVPG 6765 and UWOPS03-

461.4 representing Wine/European and Malaysian lin-

eages, respectively (Liti et al. 2009), were also included.

Haploid strains were obtained by deleting the HO gene

using the dominant drug-resistance markers KanMX or

HygMX (Goldstein & McCusker 1999). The HO deletion

was performed by PCR-mediated gene replacement as

described in the study by Cubillos et al. (2009). Genetic

crosses were performed by mating haploid cells of

opposite mating types and different resistance markers.

Sporulation of hybrid diploids obtained was induced

on 1% potassium acetate agar. Asci were partially

digested by zymolyase and spore viabilities were tested

© 2012 Blackwell Publishing Ltd
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on YPD agar by dissecting at least 25 tetrads (100

spores).

Results

Ubiquitous distribution of wild S. cerevisiae in nature

A total of 2064 samples were collected and subjected

for selective Saccharomyces sensu stricto enrichment

(Table S2, Supporting information). S. cerevisiae was iso-

lated from 226 of the samples, a success rate of 10.9%.

S. cerevisiae isolates were distinguished from those of

other Saccharomyces sensu stricto species by ITS sequence

analysis. The ITS sequence of the Chinese S. cerevisiae

isolates exhibited 0–4 substitutions compared with the

type strain of the species (NRRL Y-12632) and 7–9 sub-

stitutions compared with S. paradoxus type strain

(NRRL Y-17217). In addition to grapes and oak tree

(Quercus spp.) bark, S. cerevisiae was successfully iso-

lated from a variety of damaged fruit collected in orch-

ards or markets in different provinces of China; from

the bark of different deciduous trees; forest soil and rot-

ten wood collected in primeval, original secondary and

planted forests located in different regions covering

temperate, subtropical and tropical climate zones from

northern to southern China (Table S2, Supporting infor-

mation). Unexpectedly, the success rate of S. cerevisiae

isolation from fruit samples (6.5%) was lower than that

from tree bark (16.5%), soil (10.8%) and rotten wood

(9.2%) samples. S. cerevisiae was more frequently iso-

lated from forest soil samples (success rate 13.7%) than

from orchard soil samples (success rate 9.1%). Among

the fruits giving positive S. cerevisiae isolation, grape

samples showed the lowest success rate (Table S2, Sup-

porting information).

Rarity of heterozygosity in wild S. cerevisiae

A selection of 102 natural Chinese S. cerevisiae isolates

with different ecological and geographical origins were

used for multiple locus sequence analysis. Heterozygos-

ity was observed in only three of the isolates, namely

BJ03 from an apple sample; CH03 from a tree bark sam-

ple collected in a park and YSHZ1 from a persimmon

sample. These isolates exhibited 44 (0.34%), 10 (0.07%)

and 49 (0.36%) heterozygous sites, respectively, in the

13 loci sequenced with a total length of 13 540 bp. The

other wild isolates showed no signal of heterozygosity

in any of the sequenced loci. Considering the scarcity of

heterozygous sites in the data set and the topic of this

study focusing on S. cerevisiae from wild environ-

ments, the three heterozygous isolates were not analy-

sed further.

Remarkable sequence diversity in wild S. cerevisiae
Chinese isolates

The sequence data from 99 S. cerevisiae isolates, repre-

senting all sampled regions and substrates within China

(Table S3, Supporting information) and from 38 SGRP

isolates representing worldwide geographical and eco-

logical origins (Liti et al. 2009), were used for molecular

phylogenetic and population genetic analyses. In the 13

loci (~13.5 kb) analysed, a total of 827 SNPs, including

214 (25.9%) singletons, were identified from the com-

bined data set of the Chinese and SGRP isolates, exhib-

iting a nucleotide diversity (p) of 7.27 9 10�3 (Table S4,

Supporting information). The Chinese isolates are

approximately twice as diverse as the SGRP isolates

which represent the maximum genetic variation of

S. cerevisiae documented so far (Liti et al. 2009). A total

Table 1 Crosses combinations and percentage of spore viability

Lineage/Isolate

CHN I

CHN II CHN III CHN IV CHN V CHN VIII

HN6 FJ7 HN1 HN2 SX1 HN10 BJ20 HN15 BJ10

CHN I HN6 97.3 20.0

HN2 14.6 21.2 91.8

CHN II SX1 31.4 46.0

SX6 53.0 55.0 15.2 14.1 95.6

CHN III HN9 29.6 43.1 12.0 9.1 10.2 84.4

HN10 37.8 27.5 3.0 11.8 23.9

CHN IV BJ6 89.1 76.8 16.7 19.0 48.2 38.9 90.0

BJ20 67.9 72.1 24.3 28.1 55.1 23.7

CHN V HN14 68.6 82.0 18.2 15.7 55.4 49.0 69.8 94.0

HN15 73.2 62.5 15.3 10.9 48.6 35.5 68.7

CHN VIII BJ10 46.1 67.3 17.0 18.9 42.4 35.2 83.3 84.0

Wine/European DBVPG6765 62.5 77.1 20.4 20.8 36.5 18.3 75.2 69.2 92.0

Malaysian UWOPS03-461.4 11.7 7.0 1.0 1.9 7.0 2.0 7.6 7.7 5.7

At least 25 tetrads (100 spores) were analysed for each cross.

© 2012 Blackwell Publishing Ltd
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of 718 SNPs, including 178 (24.8%) singleton, were iden-

tified from the Chinese isolates (p = 7.71 9 10�3), while

only 278 SNPs, including 66 (22.7%) singletons, were

found from the SGRP isolates (p = 4.47 9 10�3)
(Table S4, Supporting information). Only 169 (60.8%) of

the SNPs previously characterized in the SGRP isolates

were shared in the Chinese isolates, which in turn pres-

ent an additional 549 private SNPs.

Multiple novel and highly diverged S. cerevisiae
lineages from China

Sequences of the 13 loci were concatenated to obtain a

neighbour-joining phylogenetic tree (Fig. 1). Phyloge-

netic analyses using different algorithms including max-

imum likelihood, maximum parsimony and Bayesian

resulted in similar tree topologies (data not shown).

The majority (71.7%) of the 99 Chinese isolates grouped

into eight new distinct lineages with strong (85–100%)

bootstrap values (Fig. 1, Table S3, Supporting informa-

tion). The Chinese lineages were designated as CHN I–

VIII, corresponding to the order of their positions from

the bottom to the top in the phylogenetic tree rooted

using S. paradoxus (Fig. S1, Supporting information).

The five lineages previously described by Liti et al.

(2009) based on the genome wide SNP analysis were

also clearly resolved, indicating the robustness of the

tree topology generated in this study. Lineages CHN I–

V were located as basal branches in the S. cerevisiae tree

while lineages CHN VI–VIII were located at the upper

part of the tree together with the five worldwide lin-

eages of S. cerevisiae (Fig. S1, Supporting information).

Lineages CHN I and II are the most significantly

diverged lineages identified so far and located at the

deep root of the S. cerevisiae tree (100% bootstrap, Figs 1

and S1, Supporting information). The average genetic

distances of lineages CHN I or II from the other lin-

eages, as calculated from Kimura’s two-parameter

model (Kimura 1980), were nearly double that of any

other pairwise combinations (Table S5, Supporting

information).

The newly identified Chinese lineages are characteris-

tic of specific geographical areas and ecological niches

(Figs 1 and S2, Table S3, Supporting information).
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Lineages CHN I, III and V were isolated from rotten

wood and tree bark mostly collected in tropical and

subtropical primeval forests in southern China; lineage

CHN II from the tree bark exclusively collected in a

temperate primeval forest in northern China; lineages

CHN IV and VI–VIII mostly from tree bark and various

fruit collected in secondary forests, park or orchards in

northern China with temperate climate.

Close wild relatives of the domestic Wine/European

and Sake lineages were also identified within the Chi-

nese isolates. Two isolates from orchard soil and one

from grape were located at basal branches close to the

Wine/European lineage with 71% bootstrap support

(Fig. 1). These three isolates were from Ninxia and

Xinjiang autonomous regions of north-western China

(Fig. S2, Supporting information). Three fruit isolates

from different locations in China and one oak isolate

from Jilin province, north-eastern China, clustered in

the basal branches of the Sake lineage with 97% boot-

strap support (Figs 1 and S2, Supporting information).

Twenty-one of the 99 (21.2%) Chinese wild isolates anal-

ysed were placed in weakly supported branches (<50%
bootstrap) or in singletons outside the wild and domes-

tic lineages (Fig. 1). These strains appear to have mosaic

genome and were mostly isolated from fruit or other

substrates collected in environments affected by human

activity (Fig. 1, Table S3, Supporting information).

Strong population structure in wild S. cerevisiae

The model-based clustering algorithm (Pritchard et al.

2000; Falush et al. 2003) analysis revealed that the

majority of the identified Chinese lineages represent

distinct populations (Fig. 2). Multiple analyses were

performed using varying number of assumed popula-

tions (K = 2–15). Even at the lowest resolution (K = 2),

lineage CHN I was clearly recognized (Fig. 2). With

increasing K values, more populations were resolved.

At K = 8, lineages CHN I–V which were from primeval

and original secondary forests were all resolved as dis-

tinct populations. The maximum resolution was

achieved at K = 13 (Fig. 2), consistently with the num-

ber of lineages that have been recognized in the whole

population of S. cerevisiae. At the maximum resolution,

lineages CHN I–VI and the five worldwide lineages rec-

ognized from the SGRP isolates (Liti et al. 2009) were

private and monomorphic for the majority of the segre-

gating sites. Evidence of shared genetic variants was

observed among lineages CHN VI–VIII and the Chinese

mosaic group, which were mainly isolated from man-

made environments or secondary forest, suggesting

recombination from outcrossing. Interestingly, these

mosaics strains also shared polymorphisms with the

worldwide lineages, whereas contributions from the

diverged CHN I–V lineages appear limited (Fig. 2).

The strong population structure of S. cerevisiae and

the demarcation of the basal Chinese lineages were also

recognized by PCA (Patterson et al. 2006; Price et al.

2006). The three most significantly diverged lineages

CHN I–III from primeval forests also formed three dis-

crete clusters distant from each other and from the other

lineages (Fig. S3, Supporting information). The other

Chinese and international lineages were not clearly sep-

arated from each other or from the mosaic isolates

(Fig. S3, Supporting information), implying genetic

admixture (Patterson et al. 2006). These lineages except

CHN V were mainly from human-associated environ-

ments (Table S3, Supporting information). The presence
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of the CHN V lineage, which was mainly isolated from

primeval forests, probably suggests a gene flow between

strains isolated in primeval forests and strains present in

human-associated environments. The presence of CHN

V isolates in planted trees (Figs 1 and S2, Table S3, Sup-

porting information) might explain this phenomenon.

Different degree of recombination in wild populations
of S. cerevisiae

The scarcity of heterozygous sites observed in the wild

S. cerevisiae isolates suggests that the wild Chinese lin-

eages constitute inbreeding populations (Charlesworth

2003). However, population structure analyses pre-

sented previously clearly suggest recombination exits at

least in lineages characteristic of human-associated

environments. We further examined recombination by

linkage disequilibrium (LD) and ILD/PHT analyses.

Lineages CHN III, VI and VII, including only 3–5 iso-

lates, were not included in these analyses owing to the

insufficient sample size required to detect statistically

significant parameters (Xu 2005). The observed IA and

rBarD values of most of the lineages or groups analysed

differed significantly from those calculated from ran-

domized data sets (Table S4, Supporting information),

rejecting the null hypothesis of recombination. How-

ever, the four-gamete test (Hudson & Kaplan 1985)

detected evidence of recombination from the groups

showing strong allelic associations, being consistent

with the observation of Fay & Benavides (2005) that the

lack of recombination can not explain the high levels of

LD observed in S. cerevisiae populations.

Individual gene genealogies clustered the isolates

belonging to the basal Chinese lineages CHN I–III and

Wine/European consistently in almost all the 13 loci

analysed (Fig. S4, Supporting information). Evident

genealogical incongruences were observed for CHN IV–

VII and the Sake lineages in five to seven of the 13

trees. Although three individual trees (CYT1, MLS1 and

IntMD) showed incongruence for lineage CHN VIII, the

ILD/PHT analysis used to assess the statistical signifi-

cance of gene genealogy congruence (Farris et al. 1995)

did not reject the null hypothesis of clonality for this

lineage (P = 0.4014). As expected, the ILD/PHT analysis

rejected the clonality for lineages CHN IV and V

(P = 0.0001) but did not for other lineages tested includ-

ing CHN I, II and the Wine/European lineages

(Table S4, Supporting information).

Karyotype differentiation between wild S. cerevisiae
lineages

The karyotype of 75 isolates was analysed by pulse field

gel electrophoresis. All the isolates showed chromo-

somal banding patterns typical for S. cerevisiae (Fig. 3).

Generally, 13–14 chromosomal bands ranging in sizes

from 220 to 2200 kb, including 2–3 small (<500 kb), 6–7

medium (500–1000 kb) and 3–4 large (>1000 kb) bands

were resolved. As chromosome bands with stronger rel-

ative intensity correspond to doublets (chromosomes

that co-migrate), 16 chromosomes could be recognized

from each isolates by using strain S288c as a reference.

Although chromosomal length polymorphism is com-

mon in S. cerevisiae and electrophoretic karyotyping has

been shown to be more discriminative than many other

approaches for strain typing (Schuller et al. 2004), each

of the Chinese lineages, especially the basal lineages,

exhibited a lineage-specific chromosomal banding pat-

tern. Lineages CHN I–III differed from each other and

from the other lineages and each has a characteristic

karyotype. Notably, the molecular size of the largest

chromosome of lineage CHN III (~2000 kb) was smaller

compared with other lineages (usually 2200 kb). Isolates

within each CHN IV–VIII lineages also generally

showed homogenous banding patterns, which were dis-

tinguishable from each other. The wild isolates in the

Sake lineage showed remarkably variable banding pat-

terns for several chromosomes (Fig. 3), although the

sequence variation within this lineage was not greater

than that within some of other lineages (e.g. CHN IV–

VI; Fig. 1, Table S4, Supporting information). This result

is consistent with common industrial Sake yeast strains,

which also exhibited frequent chromosomal size

changes caused by structural variation (Ogihara et al.

2008). Finally, isolates from the Chinese mosaic group

showed variable karyotypes (Fig. 3).

Partial reproductive isolation between wild
S. cerevisiae lineages

Representative isolates from CHN I–V, CHN VIII,

Wine/European and Malaysian lineages were used in

genetic crosses to measure gametes viability (Table 1).

A general correlation between cross fertility and

sequence divergence was observed among the Chinese

lineages tested. Crosses within the same lineages exhib-

ited high spore viabilities (84.4–97.3%) with the excep-

tion of HN1 and HN2 from CHN I (discussed below).

In contrast, crosses between different Chinese lineages

showed a wide range of spore viabilities (10.2–89.1%).

The crosses between the three most significantly

diverged lineages CHN I–III showed 10.2–55.0% spore

viabilities, indicating partial sexual reproductive isola-

tion between them. Crosses of the Wine/European iso-

late DBVPG6765 with basal lineages CHN I–V exhibited

18.3–77.1% spore viabilities, while with lineage CHN

VIII, which is most closely related to the Wine/

European lineage (Figs 1 and S1, Supporting informa-
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tion), showed 92.0% spore viabilities (Table 1). As

crosses between recognized biological species of Saccha-

romyces sensu stricto usually result in spore viabilities of

less than 1% (Liti et al. 2006), the relatively higher and

overlapping spore viabilities of crosses between the dif-

ferent lineages (Table 1) suggest that all the wild Chi-

nese lineages belong to a single species S. cerevisiae.

The low fertility (1–11.7% spore viability) of crosses

of the Chinese isolates with the Malaysian isolate

UWOPS03-461.4 is consistent with previous reports,

which showed 2.5–10% spore viability of crosses of the

Malaysian isolate with other S. cerevisiae isolates (Nau-

mov et al. 2006; Cubillos et al. 2011). Reduced spore via-

bility was also observed in crosses of isolates with

limited sequence divergence (Table 1). While the cross

between isolates HN1 and HN2 of lineage CHN I

exhibited 91.8% spore viability, the crosses of these two

isolates with isolates FJ7 and HN6 from the same line-

age showed only 14.6–21.2% spore viabilities. A similar

low fertility (3.0–28.1% spore viability) was observed in

the crosses of isolates HN1 and HN2 with isolates from

other lineages CHN II–IV, VIII and Wine/European

(Table 1). One explanation for the reduced fertility of

crosses between isolates of the same Saccharomyces spe-

cies is the presence of large-scale chromosomal rear-

rangements (Liti et al. 2006). The reduced fertility of

interlineage crosses between CHN I–III corresponds to

their karyotype differences as showed in Fig. 3. Interest-

ingly, karyotype difference can also be found between

the pairs of isolates in the intralineage crosses that

show low spore viability. The CHEF karyotypes of iso-

lates HN1 and HN2 differ from those of isolates FJ7

and HN6 clearly in the positions of chromosome V and

XI (Figs 3 and S5, Supporting information). The contri-

bution of chromosomal rearrangements to the reduced

fertility is worth further investigation.

Discussion

Despite over 70 years of research, the ecology of the

simple genetic system, S. cerevisiae, remains elusive

(Replansky et al. 2008). Although recent efforts in char-

acterizing natural variation in S. cerevisiae have shed

new light in the population structure and human influ-

ence, the large majority of the strains available so far

were isolated from man-driven environments (Fay &

Benavides 2005; Liti et al. 2009; Schacherer et al. 2009).

Here, we reported the result of a field survey at an

unprecedented scale that allowed the gathering of a

large set of wild S. cerevisiae isolates. Population genet-

ics analysis revealed surprising genetic diversity and a

strong population structure for the species in wild envi-
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ronments from multiple Chinese areas. We addressed

several key issues in the ecology, population structure

and biogeography of this species in nature. Further-

more, we present genetic evidence for the possible

Asian origin of modern S. cerevisiae.

Ecological distribution of S. cerevisiae

A growing number of studies suggested that wild S. ce-

revisiae might occur in tree bark as well as vineyards

(Yoneyama 1957; Banno & Mikata 1981; Naumov &

Naumova 1991; Török et al. 1996; Naumov et al. 1998;

Mortimer & Polsinelli 1999; Mortimer 2000; Redzepovic

et al. 2002; Sniegowski et al. 2002). However, previous

surveys on the distribution of wild Saccharomyces spe-

cies in nature were usually limited to specific substrates

(e.g. grapes from vineyards or the bark of oak trees) or

to limited geographical ranges within the same climate

zones. Extensive systematic surveys with the aim of

understanding the ecological distribution of S. cerevisiae

in nature have rarely been performed or were unsuc-

cessful (Replansky et al. 2008). Our study substantially

expands the ecological knowledge of S. cerevisiae,

clearly showing that this species is ubiquitous in the

wild and frequently present in environments that are

not or only marginally affected by human activity

(e.g. primeval forests). Furthermore, S. cerevisiae was

isolated from many different substrates likely to offer

suitable nutrients for the growth of this eukaryotic

microbe.

Population structure of wild S. cerevisiae isolates

Phylogenetic analysis of S. cerevisiae strains isolated

from novel environments and geographical areas

greatly increased the genetic variation characterized in

this species. We clearly show that S. cerevisiae popula-

tions have differentiated more in nature than previously

recognized (Sniegowski et al. 2002; Fay & Benavides

2005; Aa et al. 2006; Liti et al. 2006, 2009; Schacherer

et al. 2009). A strong population structure of S. cerevisiae

in the wild was identified here. Almost all Chinese iso-

lates from primeval and original secondary forests

occur in clearly differentiated lineages. The isolates that

clustered outside distinct lineages are mostly from

human-associated environments. The lineages from

human-associated environments generally exhibit high

level of recombination or genetic admixture, as revealed

by gene genealogy concordance, ILD/PHT and PCA

analyses. This observation is consistent with recent

studies showing that human activity creates opportuni-

ties for outcrossing (Liti et al. 2009; Goddard et al. 2010;

Magwene et al. 2011). In contrast, wild lineages CHN I–

III from primeval forests present rare interlineage

recombination and thus representing distinct inbreeding

populations in nature. The genetic isolation of these lin-

eages is supported by the absence of heterozygosity, the

nature of the segregating sites (private and monomor-

phic, Figs 2 and S3, Supporting information), consis-

tency of individual gene genealogy (Fig. S4, Table S4,

Supporting information) and lineage-specific karyotypes

(Fig. 3). Our results indicate that, in remote forest envi-

ronments with limited human activity, S. cerevisiae

occurs ubiquitously and in highly diverged populations.

This observation dispels the concern of the suitability of

S. cerevisiae as a model in ecology, evolutionary biology

and biogeography because of its close relationship with

human activity (Greig 2007).

The lack of heterozygosity was also observed in wild

Chinese lineages of S. cerevisiae (CHN IV–VI) showing

strong evidence of recombination. This phenomenon is

consistent with previous studies (Aa et al. 2006; Brad-

bury et al. 2006; Diezmann & Dietrich 2009; Mortimer

et al. 1994). For examples, 25 of the 27 S. cerevisiae iso-

lates, with different origins compared by Aa et al.

(2006), were homozygous for all four loci sequenced;

and none of the 24 soil isolates of S. cerevisiae examined

by Diezmann and Dietrich (2009) showed any evidence

of heterozygosity in five loci analysed. A possible expla-

nation to this phenomenon is that homothallic selfing

might occur frequently in nature through a process

known as ‘genome renewal’ (Mortimer et al. 1994).

Despite the greatly expanding variation described in

S. cerevisiae, as a whole, the variation of S. cerevisiae is

considerably less than in S. paradoxus (Fig. S1, Support-

ing information). However, variation within lineages of

wild S. cerevisiae is usually greater than that within lin-

eages of S. paradoxus (Fig. S1, Supporting information).

Our result suggests that more diverged populations of

the species possibly exist in primeval forests in other

geographical areas. A worldwide survey of S. cerevisiae

populations in primeval forests unaffected by human

activity will be necessary for a thorough understanding

of the global ecological distribution, genetic diversity

and population structure of S. cerevisiae in nature.

Factors shaping S. cerevisiae population structure

There is an ongoing debate as to the role of ecology vs.

geography in shaping the population structure of S. ce-

revisiae. Some studies have shown that ecological factors

may play a more important role than geographical fac-

tors (Versavaud et al. 1995; Fay & Benavides 2005;

Aa et al. 2006; Ezov et al. 2006; Schacherer et al. 2009),

while others suggested the opposite (Ezeronye & Legras

2009; Liti et al. 2009; Goddard et al. 2010). We show that

among the significantly diverged populations of wild

S. cerevisiae from primeval and original secondary forest
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environments, isolates from tropical and subtropical

regions (southern China) are not mixed with those from

temperate regions (northern China) (Table S3, Fig. S2,

Supporting information). The oak isolates from different

regions in northern China (Shaanxi province and Beij-

ing) were separated into different lineages (CHN II and

IV, respectively) (Table S3, Figs 1 and S2, Supporting

information). The Chinese oak isolates were also clearly

separated from those from North America (Fig. 1).

These observations suggest the role of geographical iso-

lation for the differentiation of S. cerevisiae population

in nature.

On the other hand, primeval forest isolates from the

same region also grouped in significantly differentiated

lineages, exhibiting a phenomenon of sympatric differ-

entiation (Table S3, Fig. S2, Supporting information).

Most strikingly, isolates from the primeval rainforests

in Hainan, a tropical island in southern China, exhib-

ited a magnitude of population variation equivalent to

the whole globe population (Table S4, Fig. S1, Support-

ing information). Hainan Island has an area comparable

with the size of Belgium (33 920 km2). The Hainan iso-

lates were isolated from rotten wood and bark of Faga-

ceae trees collected in the rainforests of four mountains

locate in the southern part of the island. The mountains

are covered with similar flora and separated from each

other by ~30–100 km. The isolates from the four moun-

tains distributed in three significantly diverged basal

lineages CHN I, III and V (Figs 1 and S2, Supporting

information). Isolates from the same habitats and moun-

tain may also belong to different lineages; for example,

isolates from rotten wood collected in Wuzhi Mountain,

clustered within lineages CHN III and V (Table S3, Sup-

porting information). Therefore, ecological factors,

which are usually considered as being responsible for

sympatric differentiation, seem unable to explain the

coexistence of different lineages in this island.

The mechanism of the seemingly sympatric differenti-

ation of S. cerevisiae in nature is worth further study.

Among the diverged lineages CHN I, III and V from

Hainan Island, we observed partial reproductive isola-

tion between CHN I and III (29.6–43.1% spore viability)

and between CHN III and V (35.5–59.0% spore viabil-

ity); but the reproductive isolation between CHN I and

V seems weak (62.5–82.0% spore viability) (Table 1).

Interestingly, karyotype analysis showed that lineage

CHN III differs from lineages CHN I and V more

remarkably than the latter two lineages differ from each

other (Fig. S5, Supporting information). The crosses of

two Hainan isolates HN1 and HN2 in lineage CHN I

with other Hainan isolates from the same or different

lineages showed only 3.0–21.2% spore viabilities

(Table 1). Consistently, karyotype differences of HN1

and HN2 from other Hainan isolates, even those in the

same lineage, were observed (Figs 3 and S5, Supporting

information). These observations suggest that genetic

isolation may arise between wild S. cerevisiae isolates

from the same region with limited sequence divergence.

Further studies are needed to investigate whether the

partial reproductive isolation is responsible for the dif-

ferentiation of these Hainan lineages and the impact of

chromosomal rearrangements in the reduced fertility.

We observed S. cerevisiae population migration

between different locations and from primeval forests

to human-associated environments. In addition to

Hainan Island, isolates belonging to lineages CHN I

and V were found in subtropical primeval forests in

Fujian and Zhejiang provinces, southern China (Figs 1

and S1, Table S3, Supporting information). Isolates of

these two lineages were also found from the bark of

planted chestnut trees (Castanea mollissima) in Wuyi

Mountain, Fujian province (Figs 1 and S2, Table S3,

Supporting information), indicating a possible role for

human activity in the population migration of S. cerevi-

siae in the wild.

Evidence for a Far Eastern Asia origin of S. cerevisiae

Far Eastern Asia harbours higher species diversity of

the Saccharomyces sensu stricto complex than other

regions of the world. All six biological species of this

complex have been isolated from this area and two of

them (S. arboricolous and S. mikatae) have only been

found in Asia (Naumov et al. 2000, 2003; Wang & Bai

2008). In addition, genetic variation between two Japa-

nese lineages of S. kudriavzevii significantly exceeds the

divergence between one of the Japanese lineage and the

European population (Hittinger et al. 2010), suggesting

high intraspecific diversity of Saccharomyces species

within the Far East. These observations are consistent

with the hypothesis that Far Eastern Asia is the reser-

voir of Saccharomyces natural variation (Naumov & Nik-

onenko 1988; Naumov et al. 2003), which was proposed

based on Vavilov’s theory of centers of diversity and

origin (Vavilov 1926). Here, we provide strong evidence

supporting this hypothesis.

We show that Chinese isolates contribute the majority

of the genetic variation of S.cerevisiae documented so

far. The Chinese isolates exhibit much higher sequence

diversity than worldwide isolates (Fig. 1) selected from

population genetic studies (Sniegowski et al. 2002; Fay

& Benavides 2005; Aa et al. 2006; Liti et al. 2006; Nau-

mov et al. 2006). In addition, the oldest lineage (CHN I)

and the other basal lineages (CHN II–V) of S. cerevisiae

were only found in China (Fig. 1). Our results support

the hypothesis that S. cerevisiae originated from Far

Eastern Asia (Naumov & Nikonenko 1988). Specifically,

the S. cerevisiae isolates from primeval forests in Hainan
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Island represent the oldest lineage and exhibit a degree

of genetic variation (p = 8.14 9 10�3) higher than those

of the whole Chinese (p = 7.71 9 10�3) and world pop-

ulations (p = 7.27 9 10�3) of the species. This implies

that wild S. cerevisiae originated from tropical rainfor-

ests within China or Far Eastern Asia. Nevertheless, fur-

ther investigation on the distribution and genetic

diversity of S. cerevisiae in primeval forests worldwide

will be necessary for a better understanding of the ori-

gin and evolution of modern S. cerevisiae.

The possible origin of S. cerevisiae domestic
populations

Separate domestication events in S. cerevisiae have been

proposed; however, the origin of domestic S. cerevisiae

lineages is still uncertain (Mortimer & Polsinelli 1999;

Fay & Benavides 2005; Naumov et al. 2006; Legras et al.

2007; Ezeronye & Legras 2009; Liti et al. 2009; Schacher-

er et al. 2009; Goddard et al. 2010). We clearly showed

that the oldest and basal lineages of S. cerevisiae were

from primeval forest environments, while the wild iso-

lates from man-made environments were usually

located together or near the domesticated isolates

(Figs 1 and S1, Supporting information). The phylogen-

tic tree, rooted using S. paradoxus, shows that lineages

CHN I and CHN II diverged from each other and from

the other lineages much earlier than the lineages iso-

lated from human-associated environments diverged

from each other (Fig. S1). Fay & Benavides (2005) esti-

mated that the divergence time between the wine and

sake lineages is c. 11 900 years ago. Applying the same

method, the divergence time between lineages CHN I

and CHN II will be at least double this figure. Our

results indicate that diversified wild populations of

S. cerevisiae exist in nature all along independently of

and predate domesticated strains and that primeval for-

est environments may be the sources of S. cerevisiae

strains associated with human activity.

Close wild relatives of the wine and sake lineages

were identified in this study (Table S3, Figs 1 and S2,

Supporting information). The three isolates (NX1, NX2

and XJ5) located within the Wine/European cluster

were isolated from grape and orchard soil collected in

north-western China (Fig. S2, Supporting information).

These three Chinese wild isolates clearly belong to the

Wine/European lineage as revealed by Structure and

individual gene genealogy analyses (Figs 2 and S4, Sup-

porting information). This result raises the possibility of

an Asian origin of the Wine/European strains. Archaeo-

logical and historical events support this hypothesis as

the earliest evidence for winemaking in the world,

c. 9000 years ago, has been found in China (McGovern

et al. 2004). Among the four wild isolates clustered in

the Sake lineage, three were from northern and north-

eastern China (Table S3, Fig. S2, Supporting informa-

tion), which are geographically near Korea and Japan,

suggesting the wild origin of the Sake population.

In conclusion, our work substantially expands the

ecological and evolutionary knowledge of S. cerevisiae

and probably unveils the hidden part of the iceberg of

its natural variation. We present a key resource of iso-

lates that can be exploited in quantitative trait loci

(QTLs) mapping (Cubillos et al. 2011). Further studies

of this set of isolates on population genomics, quantita-

tive genetics and phenomics will certainly be helpful

for a better understanding the life history, biogeography

and speciation of S. cerevisiae in nature.
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Supporting information 

Table S1. Genes or loci sequenced and primers for PCR and sequencing 

Locus 
(Chromosome) 

Gene product Primers (5'-3') Size of 
amplicon 

GenBank 
accession nos.

CCA1F: CCACGATTTCTGAAGGAG 
CCA1R: TTTACGACG GAG CTATCA 
CCA1-587R2: TTAGGGCTGAGTAACGACAA 

CCA1 (V) tRNA CCA- 
pyrophosphorylase  

CCA1-952R: CTTGTCACGCACCCATCC 

1635 JQ284454 - 
JQ284552 

CYT1F: ATGTTCTGTGAGCCAATCCC 
CTY1R: TTTCTGGTTTTGATACCGGC 
CYT1-425R: GAAAGATTGTGAAACCGATG 

CYT1 (XV) Cytochrome c1  

CYT1-790R: CTGTTGCGGTAGAGTAGAA 

1498 JQ284553 - 
JQ284651 

DSN1F: GATCATATTGCGATAGATTGGG DSN1 (IX) Dosage suppressor of 
NNF1  DSN1R: GAGTGGTCATCGTCCGTTTCG 

596 JQ284652 - 
JQ284750 

LAS1F: GTTGGGCCGCCAATGAAGC LAS1 (XI) Essential nuclear protein  
LAS1R: AAGACGCCAAATCGCCTAG 

948 JQ285144 - 
JQ285242 

F: CGAGGATAAGCCGAGCAA MET4 (XIV) Leucine-zipper 
transcriptional activator R: GCGCATCCACTCCATTGT 

395 JQ285243 - 
JQ285341 

MLS1F: TTCTCCAATGCGTGTCGTAG  
MLS1R: ATCCATGAATGGGGAAGTCA 
MLS1-533F: TCAGCCTTACGACGATTAT 

MLS1 (XIV) MaLate Synthase  

MLS1-1021F: GACTCGGGCTCCTATC 

1785 JQ285342 - 
JQ285440 

NUP116F: AAGCAACTGTCACCAACACG NUP116 (XIII) Nuclear pore complex 
protein NUP116R: CTTCCCCATCGTTCTTTGAG 

501 JQ285441 - 
JQ285539 

PDR10F: ATTCCCACCGTGTCATCAAT 
PDR10R: GTCCCTATCGACACCCTTGA  
PDR10-512F: 
GACTGATAAAGGGATACGCTAA 

PDR10 (XV) ATP-binding cassette 
transporter 

PDR10-1202R: TTTCGTACCCATCTGACACTC 

1734 JQ285540 - 
JQ285638 

ZDS2F: CCCTGGTCCTCCCACAATCTA 
ZDS2R: ACAGAGCCCGTGCGTTTT 
ZDS2-473R: GTATCTGCCCTGTTGC 
ZDS2-813R: TGCTACCCGCACAACG 

ZDS2 (XIII) Protein regulating 
Swe1p-dependent 
polarized growth 

ZDS2-1352R: GTCTTCGCTCCCTTGTT 

1780 JQ285639 - 
JQ285737 

IntAYF: TCGCAGAATTAGGGAGAAGT IntAY* (XIV)  
IntAYR: ACTTCCCGACAGCAGATTC 

600 JQ284751 - 
JQ284849 

IntCG F: TTTTGTACCGTCGGGACG IntCG (XI)  
IntCG R: GGTAAAAGCCTAACAGCAGATG 

821 JQ284850 - 
JQ284948 

IntFR F: CCCATTTCTGGATTTAGGTC IntFR (XIII)  
IntFR R: GGTAACGTGTAATGCGGATG 

631 JQ284949 - 
JQ285046 

IntMD F: TGAGTTCAGCAAGAGTGAAAC IntMD (IX)  
IntMD R: TGGGTTCCAGACTCATCC 

620 JQ285047 - 
JQ285143 

* IntAY, IntCG, IntFR and IntMD indicate the intergenic loci between ORFs APP1 and YPT53, CCP1 and GPT2, FAR8 and RSF1, 

and MSL1 and DSN1, respectively. 
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Table S2. Isolation of Saccharomyces cerevisiae strains from different substrates 

Substrate 
No. of samples 

collected 

No. (%) of samples showing 

positive S. cerevisiae isolation 

Fruit 753 49 (6.5) 

   Apple 52 12 (23.1) 

   Grape 452  8  (1.8) 

   Orange 11 1  (9.1) 

   Peach  21 0 

   Pear 42 12 (28.6) 

   Persimmon 122 6  (4.9) 

   Pineapple 11 2 (18.2) 

   Tomato 5 1 (20.0) 

   Waxberry 7 2 (28.6) 

   Unidentified 30 5 (16.7) 

Tree bark 747 123 (16.5) 

   Ailanthus altissima 15 0 

   Alniphyllum fortunei 1 1 (100) 

   Carya spp. 25 3 (12.0) 

   Castanea mollissima 81 15 (18.5) 

   Castanopsis eyrei 3 2 (66.7) 

   Castanopsis fabri 2 1 (50.0) 

   Castanopsis fargesii 1 1 (100) 

   Castanopsis fordii 7 5 (71.4) 

   Castanopsis orthacantha 3 1 (33.3) 

   Castanopsis tibetana 3 1 (33.3) 

   Cyclobalanopsis glauca 2 1 (50.0) 

   Cyclobalanopsis nubium 7 4 (57.1) 

   Dendropanax dentiger 2 1 (50.0) 

   Diospyros glaucifolia 1 1 (100) 

   Diospyros kaki 27 2 (7.4) 

   Hovenia acerba 1 1 (100) 

   Itsea elongata 1 1 (100) 

   Juglans sp. 5 2 (40.0) 

   Lithocarpus hancei 1 1 (100) 

   Loropetalum chinense 1 1 (100) 

   Machilus pauhoi 2 2 (100) 

   Michelia maudiae  1 1 (100) 

   Prunus mume  15 1 (6.7) 

   Pyrus sp. 23 4 (17.4) 

   Quercus fabri 13 3 (23.1) 

   Quercus griffithii 18 11 (61.1) 

   Quercus mongokica 243 12 (4.9) 

   Quercus phillyraeoides 2 1 (50.0) 

   Quercus wutaishanica 45 20 (44.4) 
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   Rapanea neriifolia 1 1 (100) 

   Rhododendron ovatum 1 1 (100) 

   Schima superba 1 1 (100) 

   Sloanea sinensis 2 1 (50.0) 

   Toxicodendron succedaneum 1 1 (100) 

   Ulmus macrocarpa 35 10 (28.6) 

   Vaccinium mandarinorum 1 1 (100) 

   Unidentified Quercus trees 71 4 (5.6) 

   Unidentified trees 83  3 (3.6) 

Soil 139 15 (10.8) 

   Forest soil 51 7 (13.7) 

   Orchard soil 88 8 (9.1) 

Rotten wood 425 39 (9.2) 

Total  2064 226 (10.9) 
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Table S3. Wild Chinese isolates of S. cerevisiae employed in multigene sequence analysis 

Lineage Strain Source Geographic location Climate zone 

HN1 Rotten wood, primeval forest Diaoluo Mountain, Hainan Tropical 

HN2 Rotten wood, primeval forest Diaoluo Mountain, Hainan Tropical 

HN3 Rotten wood, primeval forest Diaoluo Mountain, Hainan Tropical 

HN4 Rotten wood, primeval forest Bawangling Mountain, Hainan Tropical 

HN5 Rotten wood, primeval forest Bawangling Mountain, Hainan Tropical 

HN6 Rotten wood, primeval forest Bawangling Mountain, Hainan Tropical 

HN7 Rotten wood, primeval forest Bawangling Mountain, Hainan Tropical 

FJ5 Bark of Castanea mollissima (chestnut), planted tree Wuyi Mountain, Fujian Subtropical 

FJ7 Bark of Hovenia acerba, primeval forest Wuyi Mountain, Fujian Subtropical 

FJ8 Bark of Cyclobalanopsis nubium, primeval forest Wuyi Mountain, Fujian Subtropical 

FJ9 Bark of Castanopsis fordii, primeval forest Wuyi Mountain, Fujian Subtropical 

CHN I 

FJ10 Bark of Castanopsis fordii, primeval forest Wuyi Mountain, Fujian Subtropical 

SX1 Bark of a Fagaceae tree, primeval forest Qinling Mountain, Shaanxi Temperate 

SX2 Bark of a Fagaceae tree, primeval forest Qinling Mountain, Shaanxi Temperate 

SX3 Bark of Carya sp., primeval forest Qinling Mountain, Shaanxi Temperate 

SX4 Bark of a Fagaceae tree, primeval forest Qinling Mountain, Shaanxi Temperate 

SX5 Bark of Quercus fabri, primeval forest Qinling Mountain, Shaanxi Temperate 

SX6 Bark of Quercus fabri, primeval forest Qinling Mountain, Shaanxi Temperate 

SX7 Bark of a Fagaceae tree, primeval forest Qinling Mountain, Shaanxi Temperate 

CHN II 

SX8 Bark of Quercus fabri, primeval forest Qinling Mountain, Shaanxi Temperate 

HN8 Rotten wood, primeval forest Wuzhi Mountain, Hainan Tropical 

HN9 Rotten wood, primeval forest Wuzhi Mountain, Hainan Tropical 

HN10 Rotten wood, primeval forest Wuzhi Mountain, Hainan Tropical 

HN11 Rotten wood, primeval forest Jianfengling Mountain, Hainan Tropical 

CHN III 

HN19 Bark of a Fagaceae tree, primeval forest Wuzhi Mountain, Hainan Tropical 

BJ3 Grape, orchard Shunyi, Beijing Temperate 

BJ6 Persimmon, orchard Changping, Beijing Temperate 

BJ8 Bark of Quercus mongokica, secondary forest Wuling Mountain, Beijing Temperate 

BJ12 Bark of Quercus mongokica, secondary forest Wuling Mountain, Beijing Temperate 

BJ14 Forest soil, secondary forset  Wuling Mountain, Beijing Temperate 

BJ15 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ16 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ17 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ18 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ19 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ20 Bark of Quercus wutaishanica, secondary forest Dongling Mountain, Beijing Temperate 

BJ21 Bark of Carya cathayensis, secondary forest Dongling Mountain, Beijing Temperate 

BJ22 Bark of Carya cathayensis, secondary forest Dongling Mountain, Beijing Temperate 

BJ23 Bark of Ulmus macrocarpa, secondary forest Dongling Mountain, Beijing Temperate 

BJ24 Bark of Ulmus macrocarpa, secondary forest Dongling Mountain, Beijing Temperate 

CHN IV 

BJ25 Bark of Ulmus macrocarpa, secondary forest Dongling Mountain, Beijing Temperate 
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BJ26 Grape, orchard Dongling Mountain, Beijing Temperate 

BJ27 Grape, orchard Dongling Mountain, Beijing Temperate 

HLJ1 Bark of Quercus mongokica, secondary forest Jingbo lake, Heilongjiang Temperate 
 

JL5 Bark of Pyrus sp., orchard  Yanbian, Jilin Temperate 

FJ2 Bark of Castanea mollissima (chestnut), planted tree Wuyi Mountain, Fujian Subtropical 

FJ3 Bark of Castanea mollissima, planted tree Wuyi Mountain, Fujian Subtropical 

FJ4 Bark of Castanea mollissima, planted tree Wuyi Mountain, Fujian Subtropical 

FJ6 Bark of Prunus mume, planted tree Wuyi Mountain, Fujian Subtropical 

HN12 Rotten wood, primeval forest Jianfengling Mountain, Hainan Tropical 

HN13 Rotten wood, primeval forest Jianfengling Mountain, Hainan Tropical 

HN14 Rotten wood, primeval forest Jianfengling Mountain, Hainan Tropical 

HN15 Rotten wood, primeval forest Wuzhi Mountain, Hainan Tropical 

HN16 Forest soil, primeval forest  Wuzhi Mountain, Hainan Tropical 

HN17 Bark of a Fagaceae tree, primeval forest Wuzhi Mountain, Hainan Tropical 

HN18 Bark of a Fagaceae tree, primeval forest Wuzhi Mountain, Hainan Tropical 

ZJ1 Rotten wood, primeval forest Gutian Mountain, Zhejiang Subtropical 

CHN V 

ZJ2 Rotten wood, primeval forest Gutian Mountain, Zhejiang Subtropical 

BJ4 Intestine of a butterfly, park Haidian, Beijing Temperate 

SD1 Persimmon,  planted tree Anqiu, Shandong Temperate 

SD2 Bark of Quercus sp., planted tree Taian, Shandong Temperate 

CHN VI 

SX10 Persimmon, planted tree Qinling Mountain, Shaanxi Temperate 

HLJ2 Bark of Quercus mongokica, secondary forest Jingbo lake, Heilongjiang Temperate 

HLJ3 Bark of Quercus mongokica, secondary forest Jingbo lake, Heilongjiang Temperate 

CHN VII 

JL4 Bark of  Pyrus sp.,  orchard Yanbian, Jilin Temperate 

BJ2 Apple, orchard Shunyi, Beijing Temperate 

BJ5 Apple, orchard Wuling Mountain, Beijing Temperate 

BJ9 Bark of Ulmus sp., secondary forest Wuling Mountain, Beijing Temperate 

BJ10 Bark of Ulmus sp., secondary forest Wuling Mountain, Beijing Temperate 

BJ13 Rotten wood, secondary forest Wuling Mountain, Beijing Temperate 

CHN VIII 

BJ28 Bark of Castanea sp., secondary forest Wuling Mountain, Beijing Temperate 

BJ1 Pear, orchard Shunyi, Beijing Temperate 

JL2 Bark of Quercus mongokica, secondary forest Changbai Mountain, Jilin Temperate 

YN2 Orange, orchard   Jinghong, Yunnan Tropical 

Sake 

XJ2 Apple, orchard Korla, Xinjiang Temperate 

NX1 Melon patch soil Zhongwei, Ningxia Temperate 

NX2 Mulberry field soil Helan Mountain, Ningxia Temperate 

Wine/ 
European 

XJ5 Grape, orchard Korla, Xinjiang Temperate 

BJ7 Bark of Pyrus sp., ochard  Shunyi, Beijing Temperate 

FJ1 Bark of Castanea mollissima, planted tree Wuyi Mountain, Fujian Subtropical 

FJ11 Waxberry, market Wuyi Mountain, Fujian Subtropical 

FJ12 Peach, market  Wuyi Mountain, Fujian Subtropical 

JL1 Bark of Quercus sp., secondary forest Changbai Mountain, Jilin Temperate 

JL3 Peach, market Changbai Mountain, Jilin Temperate 

Chinese 

mosaic 

NX3 Melon patch soil Zhongwei, Ningxia Temperate 
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SD3 Bark of Quercus sp., planted tree Taian, Shandong Temperate 

SD4 Grapes, orchard Qufu, Shandong Temperate 

SX11 Bark of walnut (Juglans sp.), planted tree Qinling Mountain, Shaanxi Temperate 

SX9 Tomato, orchard Qinling Mountain, Shaanxi Temperate 

XJ1 Soil, orchard Xinjiang Temperate 

XJ3 Apple, orchard Korla, Xinjiang Temperate 

XJ4 Grape, orchard Korla, Xinjiang Temperate 

XJ6 Pear, orchard Korla, Xinjiang Temperate 

XJ7 Pear, orchard  Korla, Xinjiang Temperate 

YN1 Pineapple, orchard Jinghong, Yunnan Tropical 

YN3 Soil, suburban tree Dali, Yunnan Tropical 

YN4 Rotten wood, suburban tree  Dali, Yunnan Tropical 

YN5 Soil, suburban tree  Dali, Yunnan Tropical 

 

YN6 Bark of Castanopsis orthacantha, suburban tree  Zixi Mountain, Yunnan Tropical 
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Table S4. Population genetics analyses for different groups or lineages. 

Group/Lineage No. of 
isolates SNPs π × 10-3 IA (P) rBarD (P) P of ILD/PHT Rm 

All  138 827 7.27 2.973 (< 0.001) 0.278 (< 0.001) nt 94
Chinese 99 718 7.71 2.722 (< 0.001) 0.256 (< 0.001) nt 86
SGRP 38 278 4.47 3.971 (< 0.001) 0.343 (< 0.001) nt 35
CHN-I 12 99 1.59 0.936 (0.002) 0.086 (0.002) 0.2015 8
CHN-II 8 82 1.86 1.816 (< 0.001) 0.187 (< 0.001) 0.1613 7
CHN-III 5 16 0.58 na na na 0
CHN-IV 20 148 3.11 0.614 (< 0.001) 0.054 (< 0.001) 0.0001 28
CHN-V 13 125 3.23 0.671 (< 0.001) 0.059 (< 0.001) 0.0001 20
CHN-VI 4 54 2.11 na na na 3
CHN-VII 3 34 1.67 na na na 0
CHN-VIII 6 56 1.59 2.270 (< 0.001) 0.326 (< 0.001) 0.4014 4
Sake 7 87 2.58 2.453 (< 0.001) 0.223 (< 0.001) 0.0001 6
Wine/European 14 36 0.56 0.428 (0.085) 0.055 (0.085) 0.8984 2
Hainan 19 276 8.14 5.127 (< 0.001) 0.435 (< 0.001) 0.0001 29

na, not applicable because of the limited sample size. 
nt, not tested because of the unacceptably long time required for running the analysis. 
Rm, the minimum number of recombination events. 
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Table S5. Average genetic distances between lineages of S. cerevisiae as calculated from Kimura’s 
2-parameter model 

Lineage 1 2 3 4 5 6 7 8 9 10 11 12 

1 CHN I             

2 CHN II 0.0125             

3 CHN III 0.0121  0.0108            

4 CHN IV 0.0114  0.0099  0.0074           

5 CHN V 0.0126  0.0108  0.0078  0.0063         

6 CHN VI 0.0125  0.0108  0.0071  0.0067 0.0068        

7 CHN VII 0.0120  0.0107  0.0071  0.0059 0.0061 0.0056       

8 CHN VIII 0.0122  0.0107  0.0063  0.0065 0.0070 0.0056 0.0051      

9 Malaysian 0.0135  0.0111  0.0076  0.0074 0.0068 0.0062 0.0060 0.0065     

10 Weat Africa 0.0130  0.0114  0.0074  0.0070 0.0072 0.0056 0.0064 0.0064 0.0060     

11 North American 0.0124  0.0104  0.0067  0.0066 0.0060 0.0047 0.0045 0.0056 0.0058  0.0058    

12 Sake 0.0127  0.0110  0.0072  0.0072 0.0070 0.0058 0.0052 0.0060 0.0066  0.0065  0.0047   

13 Wine/European 0.0128  0.0108  0.0066  0.0065 0.0075 0.0062 0.0059 0.0032 0.0071  0.0068  0.0058  0.0060 
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Fig. S1. Phylogenetic tree reconstructed from neighbour-joining 
analysis of the combined sequences of nine genes and four 
intergenic loci with a total length of approximately 13,500 bp, 
depicting the relationships of lineages recognized in S. cerevisiae
and S. paradoxus.  Bootstrap percentages over 50% from 1000 
bootstrap replicates are shown.  The bar indicates 0.005 
substitutions per nucleotide position calculated from Kimura’s two-
parameter model.
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Fig. S2.  Geographic origins of S. cerevisiae lineages from nature in China.  The hardiness zones in China are labeled (the map 
is modified from Mark P. Widrlechner, Agricultural Research Service, U.S. Department of Agriculture).

Planted tree
Fruit, fruit tree or orchard soil

Primeval forest
Secondary forest

Ecological origins of S. cerevisiae isolates:

CHN VIIISakeWine/European

CHN I

CHN IV

CHN V

CHN VI
CHN VII

CHN III

CHN II
SX1, SX2
SX3, SX4
SX5, SX6
SX7, SX8

HN8, HN9
HN10, HN11

HN19

XJ5
NX1, NX2

50o

40o

30o

20o

70o 80o 90o 100o 110o 120o 130o

BJ2, BJ9, BJ10
BJ5, BJ13, BJ28

ZJ1, ZJ2
FJ2, FJ3
FJ4, FJ6

HN12, HN13
HN14, HN15
HN16, HN17

HN18

FJ5, FJ7
FJ8, FJ9

FJ10, HN1
HN2, HN3
HN4, HN5
HN6, HN7

Mean annual 
minimum 
temperature (oC)

bellow -45.5

-45.5 to -40.0

-40.0 to -34.5

-34.4 to -28.9

-28.8 to -23.4

-23.3 to -17.8

-17.7 to -12.3

-12.2 to -6.7

-6.6 to -1.2

-1.1 to 4.4

4.5 and above

HLJ2
HLJ3
JL4

BJ1, JL2
YN2, XJ2

HLJ1, JL5
BJ8, BJ12

BJ14, BJ15
BJ16, BJ17
BJ18, BJ19
BJ20, BJ21
BJ22, BJ23
BJ24, BJ25
BJ26, BJ27

BJ3, BJ6

BJ4, SD1 
SD2, SX10

YM95NC Attachment -- Page 151



Fig. S3. Principal component analysis (PCA) of the allelic profiles of 13 loci from different lineages or groups of S. 
cerevisiae employed. SK, WE, MY, NA and WA refer to the Sake, Wine/European, Malaysian, North American 
and West African lineages, respecrively; WM and CM refer to the world and Chinese mosaic groups, respectively.
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Fig. S4. Phylogenetic trees drawn 

from neighbour-joining analysis of 

the combined sequences of 13 loci 

and the sequences of single genes 

or loci, respectively, showing 

concordance between gene 

genealogies. Bootstrap 

percentages over 50% from 1000 

bootstrap replicates are shown. 
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SECTION I. SCOPE OF THE NIH GUIDELINES 
 
Section I-A. Purpose 
 
The purpose of the NIH Guidelines is to specify the practices for constructing and handling:  (i) recombinant 
nucleic acid molecules, (ii) synthetic nucleic acid molecules, including those that are chemically or otherwise 
modified but can base pair with naturally occurring nucleic acid molecules, and (iii) cells, organisms, and viruses 
containing such molecules. 
 
Section I-A-1.  Any nucleic acid molecule experiment, which according to the NIH Guidelines requires approval 
by NIH, must be submitted to NIH or to another Federal agency that has jurisdiction for review and approval.  
Once approvals, or other applicable clearances, have been obtained from a Federal agency other than NIH 
(whether the experiment is referred to that agency by NIH or sent directly there by the submitter), the 
experiment may proceed without the necessity for NIH review or approval.  (See exception in Section I-A-1-a 
regarding requirement for human gene transfer protocol registration.) 
 
Section I-A-1-a.  For experiments involving the deliberate transfer of recombinant or synthetic nucleic acid 
molecules, or DNA or RNA derived from recombinant or synthetic nucleic acid molecules, into human research 
participants (human gene transfer), no research participant shall be enrolled (see definition of enrollment in 
Section I-E-7) until the NIH protocol registration process has been completed (see Appendix M-I-B, Selection of 
Individual Protocols for Public RAC Review and Discussion); Institutional Biosafety Committee (IBC) approval 
(from the clinical trial site) has been obtained; Institutional Review Board (IRB) approval has been obtained; and 
all applicable regulatory authorization(s) have been obtained. 
 
For a clinical trial site that is added after the completion of the NIH protocol registration process, no research 
participant shall be enrolled (see definition of enrollment in Section I-E-7) at the clinical trial site until IBC 
approval and IRB approval from that site have been obtained.  Within 30 days of enrollment (see definition of 
enrollment in Section I-E-7) at a clinical trial site, the following documentation shall be submitted to NIH 
OSP:  (1) Institutional Biosafety Committee approval (from the clinical trial site); (2) Institutional Review Board 
approval; (3) Institutional Review Board-approved informed consent document(s); and (4) NIH grant number(s) if 
applicable. 
 
Section I-B. Definition of Recombinant and Synthetic Nucleic Acid Molecules 
 
In the context of the NIH Guidelines, recombinant and synthetic nucleic acids are defined as: 
 

(i) molecules that a) are constructed by joining nucleic acid molecules and b) that can replicate in a 
living cell, i.e., recombinant nucleic acids;  

(ii) nucleic acid molecules that are chemically or by other means synthesized or amplified, including 
those that are chemically or otherwise modified but can base pair with naturally occurring nucleic 
acid molecules, i.e., synthetic nucleic acids, or  

(iii) molecules that result from the replication of those described in (i) or (ii) above. 
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Section I-C. General Applicability 

Section I-C-1.  The NIH Guidelines are applicable to: 

Section I-C-1-a.  All recombinant or synthetic nucleic acid research within the United States (U.S.) or its 
territories that is within the category of research described in either Section I-C-1-a-(1) or Section I-C-1-a-(2). 

Section I-C-1-a-(1).  Research that is conducted at or sponsored by an institution that receives any support for 
recombinant or synthetic nucleic acid research from NIH, including research performed directly by NIH.  An 
individual who receives support for research involving recombinant or synthetic nucleic acids must be 
associated with or sponsored by an institution that assumes the responsibilities assigned in the NIH Guidelines. 

Section I-C-1-a-(2).   Research that involves testing in humans of materials containing recombinant or synthetic 
nucleic acids developed with NIH funds, if the institution that developed those materials sponsors or participates 
in those projects.  Participation includes research collaboration or contractual agreements, not mere provision of 
research materials. 

Section I-C-1-b.  All recombinant or synthetic nucleic acid research performed abroad that is within the category 
of research described in either Section I-C-1-b-(1) or Section I-C-1-b-(2). 

Section I-C-1-b-(1).  Research supported by NIH funds. 

Section I-C-1-b-(2).  Research that involves testing in humans of materials containing recombinant or synthetic 
nucleic acids developed with NIH funds, if the institution that developed those materials sponsors or participates 
in those projects.  Participation includes research collaboration or contractual agreements, not mere provision of 
research materials. 

Section I-C-1-b-(3).  If the host country has established rules for the conduct of recombinant or synthetic nucleic 
acid molecule research, then the research must be in compliance with those rules.  If the host country does not 
have such rules, the proposed research must be reviewed and approved by an NIH-approved Institutional 
Biosafety Committee or equivalent review body and accepted in writing by an appropriate national governmental 
authority of the host country.  The safety practices that are employed abroad must be reasonably consistent with 
the NIH Guidelines. 

Section I-D. Compliance with the NIH Guidelines 

As a condition for NIH funding of recombinant or synthetic nucleic acid molecule research, institutions shall 
ensure that such research conducted at or sponsored by the institution, irrespective of the source of funding, 
shall comply with the NIH Guidelines. 

Information concerning noncompliance with the NIH Guidelines may be brought forward by any person.  It 
should be delivered to both NIH OSP and the relevant institution.  The institution, generally through the 
Institutional Biosafety Committee, shall take appropriate action.  The institution shall forward a complete report 
of the incident recommending any further action to the Office of Science Policy, National Institutes of Health, 
preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and 
on the OSP website (www.osp.od.nih.gov). 

In cases where NIH proposes to suspend, limit, or terminate financial assistance because of noncompliance 
with the NIH Guidelines, applicable DHHS and Public Health Service procedures shall govern. 

The policies on compliance are as follows: 

Section I-D-1.  All NIH-funded projects involving recombinant or synthetic nucleic acid molecules must comply 
with the NIH Guidelines.  Non-compliance may result in:  (i) suspension, limitation, or termination of financial 
assistance for the noncompliant NIH-funded research project and of NIH funds for other recombinant or 
synthetic nucleic acid molecule research at the institution, or (ii) a requirement for prior NIH approval of any or 
all recombinant or synthetic nucleic acid molecule projects at the institution. 
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Section I-D-2.  All non-NIH funded projects involving recombinant or synthetic nucleic acid molecule conducted 
at or sponsored by an institution that receives NIH funds for projects involving such techniques must comply 
with the NIH Guidelines.  Noncompliance may result in:  (i) suspension, limitation, or termination of NIH funds for 
recombinant or synthetic nucleic acid molecule research at the institution, or (ii) a requirement for prior NIH 
approval of any or all recombinant or synthetic nucleic acid molecule projects at the institution. 
 
Section I-E. General Definitions 
The following terms, which are used throughout the NIH Guidelines, are defined as follows: 
 
Section I-E-1.  An "institution" is any public or private entity (including Federal, state, and local government 
agencies). 
 
Section I-E-2. An "Institutional Biosafety Committee" is a committee that:  (i) meets the requirements for 
membership specified in Section IV-B-2, Institutional Biosafety Committee (IBC), and (ii) reviews, approves, and 
oversees projects in accordance with the responsibilities defined in Section IV-B-2, Institutional Biosafety 
Committee (IBC). 
 
Section I-E-3.  The "Office of Science Policy (OSP)" is the office within the NIH that is responsible for:  (i) 
reviewing and coordinating all activities relating to the NIH Guidelines, and (ii) performing other duties as 
defined in Section IV-C-3, Office of Science Policy (OSP). 
 
Section I-E-4.  The "Recombinant DNA Advisory Committee" is the public advisory committee that advises the 
Department of Health and Human Services (DHHS) Secretary, the DHHS Assistant Secretary for Health, and 
the NIH Director concerning recombinant or synthetic nucleic acid molecule research.  The RAC shall be 
constituted as specified in Section IV-C-2, Recombinant DNA Advisory Committee (RAC). 
 
Section I-E-5. The "NIH Director" is the Director of the National Institutes of Health, or any other officer or 
employee of NIH to whom authority has been delegated. 
 
Section I-E-6.  "Deliberate release" is defined as a planned introduction of recombinant or synthetic nucleic acid 
molecule-containing microorganisms, plants, or animals into the environment. 
 
Section I-E-7.  “Enrollment” is the process of obtaining informed consent from a potential research participant, 
or a designated legal guardian of the participant, to undergo a test or procedure associated with the gene 
transfer experiment. 
 
Section I-E-8.  A “serious adverse event” is any event occurring at any dose that results in any of the following 
outcomes:  death, a life-threatening event, in-patient hospitalization or prolongation of existing hospitalization, a 
persistent or significant disability/incapacity, or a congenital anomaly/birth defect.  Important medical events that 
may not result in death, be life-threatening, or require hospitalization also may be considered a serious adverse 
event when, upon the basis of appropriate medical judgment, they may jeopardize the human gene transfer 
research subject and may require medical or surgical intervention to prevent one of the outcomes listed in this 
definition. 
 
Section I-E-9.  An adverse event is “associated with the use of a gene transfer product” when there is a 
reasonable possibility that the event may have been caused by the use of that product. 
 
Section I-E-10.  An “unexpected serious adverse event” is any serious adverse event for which the specificity or 
severity is not consistent with the risk information available in the current investigator’s brochure. 
 
Section I-E-11.  An “oversight body” is an institutional entity (an Institutional Biosafety Committee or an 
Institutional Review Board) that must review and approve a human gene transfer trial. 
 
Section I-E-12.  A “regulatory authority” in the context of human gene transfer research is a federal entity that 
by statute has oversight over research involving human subjects. 
 
 
*********************************************************************************************************************** 
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SECTION II. SAFETY CONSIDERATIONS 
 
Section II-A. Risk Assessment 
 
Section II-A-1. Risk Groups 
 
Risk assessment is ultimately a subjective process.  The investigator must make an initial risk assessment 
based on the Risk Group (RG) of an agent (see Appendix B, Classification of Human Etiologic Agents on the 
Basis of Hazard).  Agents are classified into four Risk Groups (RGs) according to their relative pathogenicity for 
healthy adult humans by the following criteria:  (1) Risk Group 1 (RG1) agents are not associated with disease 
in healthy adult humans.  (2) Risk Group 2 (RG2) agents are associated with human disease which is rarely 
serious and for which preventive or therapeutic interventions are often available.  (3) Risk Group 3 (RG3) agents 
are associated with serious or lethal human disease for which preventive or therapeutic interventions may be 
available.  (4) Risk Group 4 (RG4) agents are likely to cause serious or lethal human disease for which 
preventive or therapeutic interventions are not usually available. 
 
Section II-A-2. Criteria for Risk Groups 
 
Classification of agents in Appendix B, Classification of Human Etiologic Agents on the Basis of Hazard, is 
based on the potential effect of a biological agent on a healthy human adult and does not account for instances 
in which an individual may have increased susceptibility to such agents, e.g., preexisting diseases, medications, 
compromised immunity, pregnancy or breast feeding (which may increase exposure of infants to some agents). 
 
Personnel may need periodic medical surveillance to ascertain fitness to perform certain activities; they may 
also need to be offered prophylactic vaccines and boosters (see Section IV-B-1-f, Responsibilities of the 
Institution, General Information). 
 
Section II-A-3. Comprehensive Risk Assessment  
 
In deciding on the appropriate containment for an experiment, the first step is to assess the risk of the agent 
itself.  Appendix B, Classification of Human Etiologic Agents on the Basis of Hazard, classifies agents into Risk 
Groups based on an assessment of their ability to cause disease in humans and the available treatments for 
such disease.  Once the Risk Group of the agent is identified, this should be followed by a thorough 
consideration of how the agent is to be manipulated.  Factors to be considered in determining the level of 
containment include agent factors such as:  virulence, pathogenicity, infectious dose, environmental stability, 
route of spread, communicability, operations, quantity, availability of vaccine or treatment, and gene product 
effects such as toxicity, physiological activity, and allergenicity.  Any strain that is known to be more hazardous 
than the parent (wild-type) strain should be considered for handling at a higher containment level.  Certain 
attenuated strains or strains that have been demonstrated to have irreversibly lost known virulence factors may 
qualify for a reduction of the containment level compared to the Risk Group assigned to the parent strain (see 
Section V-B, Footnotes and References of Sections I-IV). 
 
While the starting point for the risk assessment is based on the identification of the Risk Group of the parent 
agent, as technology moves forward, it may be possible to develop an organism containing genetic sequences 
from multiple sources such that the parent agent may not be obvious.  In such cases, the risk assessment 
should include at least two levels of analysis.  The first involves a consideration of the Risk Groups of the 
source(s) of the sequences and the second involves an assessment of the functions that may be encoded by 
these sequences (e.g., virulence or transmissibility).  It may be prudent to first consider the highest Risk Group 
classification of all agents that are the source of sequences included in the construct.  Other factors to be 
considered include the percentage of the genome contributed by each parent agent and the predicted function 
or intended purpose of each contributing sequence.  The initial assumption should be that all sequences will 
function as they did in the original host context. 
 
The Principal Investigator and Institutional Biosafety Committee must also be cognizant that the combination of 
certain sequences in a new biological context may result in an organism whose risk profile could be higher than 
that of the contributing organisms or sequences.  The synergistic function of these sequences may be one of the 
key attributes to consider in deciding whether a higher containment level is warranted, at least until further 
assessments can be carried out.  A new biosafety risk may occur with an organism formed through combination 

YM95NC Attachment -- Page 167



Page 13 - NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid Molecules  (April 2016) 

of sequences from a number of organisms or due to the synergistic effect of combining transgenes that results 
in a new phenotype. 
 
A final assessment of risk based on these considerations is then used to set the appropriate containment 
conditions for the experiment (see Section II-B, Containment).  The appropriate containment level may be 
equivalent to the Risk Group classification of the agent or it may be raised or lowered as a result of the above 
considerations.  The Institutional Biosafety Committee must approve the risk assessment and the biosafety 
containment level for recombinant or synthetic nucleic acid experiments described in Sections III-A, Experiments 
that Require Institutional Biosafety Committee Approval, RAC Review, and NIH Director Approval Before 
Initiation; III-B, Experiments that Require NIH OSP and Institutional Biosafety Committee Approval Before 
Initiation; III-C, Experiments that Require Institutional Biosafety Committee and Institutional Review Board 
Approvals and NIH OSP Registration Before Initiation; III-D, Experiments that Require Institutional Biosafety 
Committee Approval Before Initiation. 
 
Careful consideration should be given to the types of manipulation planned for some higher Risk Group agents.  
For example, the RG2 dengue viruses may be cultured under the Biosafety Level (BL) 2 containment (see 
Section II-B); however, when such agents are used for animal inoculation or transmission studies, a higher 
containment level is recommended.  Similarly, RG3 agents such as Venezuelan equine encephalomyelitis and 
yellow fever viruses should be handled at a higher containment level for animal inoculation and transmission 
experiments. 
 
Individuals working with human immunodeficiency virus (HIV), hepatitis B virus (HBV) or other bloodborne 
pathogens should consult the applicable Occupational Safety and Health Administration (OSHA) regulation, 29 
CFR 1910.1030, and OSHA publication 3127 (1996 revised).  BL2 containment is recommended for activities 
involving all blood-contaminated clinical specimens, body fluids, and tissues from all humans, or from HIV- or 
HBV-infected or inoculated laboratory animals.  Activities such as the production of research-laboratory scale 
quantities of HIV or other bloodborne pathogens, manipulating concentrated virus preparations, or conducting 
procedures that may produce droplets or aerosols, are performed in a BL2 facility using the additional practices 
and containment equipment recommended for BL3.  Activities involving industrial scale volumes or preparations 
of concentrated HIV are conducted in a BL3 facility, or BL3 Large Scale if appropriate, using BL3 practices and 
containment equipment. 
 
Exotic plant pathogens and animal pathogens of domestic livestock and poultry are restricted and may require 
special laboratory design, operation and containment features not addressed in Biosafety in Microbiological and 
Biomedical Laboratories (see Section V-C, Footnotes and References of Sections I through IV).  For information 
regarding the importation, possession, or use of these agents see Sections V-G and V-H, Footnotes and 
References of Sections I through IV.  
 
Section II-B. Containment 
 
Effective biological safety programs have been operative in a variety of laboratories for many years.  
Considerable information already exists about the design of physical containment facilities and selection of 
laboratory procedures applicable to organisms carrying additional recombinant or synthetic nucleic acid 
molecules (see Section V-B, Footnotes and References of Sections I-IV).  The existing programs rely upon 
mechanisms that can be divided into two categories:  (i) a set of standard practices that are generally used in 
microbiological laboratories; and (ii) special procedures, equipment, and laboratory installations that provide 
physical barriers that are applied in varying degrees according to the estimated biohazard.  Four biosafety levels 
are described in Appendix G, Physical Containment.  These biosafety levels consist of combinations of 
laboratory practices and techniques, safety equipment, and laboratory facilities appropriate for the operations 
performed and are based on the potential hazards imposed by the agents used and for the laboratory function 
and activity.  Biosafety Level 4 provides the most stringent containment conditions, Biosafety Level 1 the least 
stringent. 
 
Experiments involving recombinant or synthetic nucleic acid molecules lend themselves to a third containment 
mechanism, namely, the application of highly specific biological barriers.  Natural barriers exist that limit either:  
(i) the infectivity of a vector or vehicle (plasmid or virus) for specific hosts, or (ii) its dissemination and survival in 
the environment.  Vectors, which provide the means for recombinant or synthetic nucleic acid molecule and/or 
host cell replication, can be genetically designed to decrease, by many orders of magnitude, the probability of 
dissemination of recombinant or synthetic nucleic acid molecule outside the laboratory (see Appendix I, 
Biological Containment). 
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Since these three means of containment are complementary, different levels of containment can be established 
that apply various combinations of the physical and biological barriers along with a constant use of standard 
practices.  Categories of containment are considered separately in order that such combinations can be 
conveniently expressed in the NIH Guidelines. 
 
Physical containment conditions within laboratories, described in Appendix G, Physical Containment, may not 
always be appropriate for all organisms because of their physical size, the number of organisms needed for an 
experiment, or the particular growth requirements of the organism.  Likewise, biological containment for 
microorganisms described in Appendix I, Biological Containment, may not be appropriate for all organisms, 
particularly higher eukaryotic organisms.  However, significant information exists about the design of research 
facilities and experimental procedures that are applicable to organisms containing additional recombinant or 
synthetic nucleic acid molecules that are either integrated into the genome or into microorganisms associated 
with the higher organism as a symbiont, pathogen, or other relationship.  This information describes facilities for 
physical containment of organisms used in non-traditional laboratory settings and special practices for limiting or 
excluding the unwanted establishment, transfer of genetic information, and dissemination of organisms beyond 
the intended location, based on both physical and biological containment principles.  Research conducted in 
accordance with these conditions effectively confines the organism. 
 
For research involving plants, four biosafety levels (BL1-P through BL4-P) are described in Appendix P, 
Physical and Biological Containment for Recombinant or Synthetic Nucleic Acid Molecule Research Involving 
Plants.  BL1-P is designed to provide a moderate level of containment for experiments for which there is 
convincing biological evidence that precludes the possibility of survival, transfer, or dissemination of 
recombinant or synthetic nucleic acid molecules into the environment, or in which there is no recognizable and 
predictable risk to the environment in the event of accidental release.  BL2-P is designed to provide a greater 
level of containment for experiments involving plants and certain associated organisms in which there is a 
recognized possibility of survival, transmission, or dissemination of recombinant or synthetic nucleic acid 
molecule containing organisms, but the consequence of such an inadvertent release has a predictably minimal 
biological impact.  BL3-P and BL4-P describe additional containment conditions for research with plants and 
certain pathogens and other organisms that require special containment because of their recognized potential 
for significant detrimental impact on managed or natural ecosystems.  BL1-P relies upon accepted scientific 
practices for conducting research in most ordinary greenhouse or growth chamber facilities and incorporates 
accepted procedures for good pest control and cultural practices.  BL1-P facilities and procedures provide a 
modified and protected environment for the propagation of plants and microorganisms associated with the 
plants and a degree of containment that adequately controls the potential for release of biologically viable 
plants, plant parts, and microorganisms associated with them.  BL2-P and BL3-P rely upon accepted scientific 
practices for conducting research in greenhouses with organisms infecting or infesting plants in a manner that 
minimizes or prevents inadvertent contamination of plants within or surrounding the greenhouse.  BL4-P 
describes facilities and practices known to provide containment of certain exotic plant pathogens. 
 
For research involving animals, which are of a size or have growth requirements that preclude the use of 
conventional primary containment systems used for small laboratory animals, four biosafety levels (BL1-N 
through BL4-N) are described in Appendix Q, Physical and Biological Containment for Recombinant or Synthetic 
Nucleic Acid Molecule Research Involving Animals.  BL1-N describes containment for animals that have been 
modified by stable introduction of recombinant or synthetic nucleic acid molecules, or DNA derived therefrom, 
into the germ-line (transgenic animals) and experiments involving viable recombinant or synthetic nucleic acid 
molecule-modified microorganisms and is designed to eliminate the possibility of sexual transmission of the 
modified genome or transmission of recombinant or synthetic nucleic acid molecule-derived viruses known to be 
transmitted from animal parent to offspring only by sexual reproduction.  Procedures, practices, and facilities 
follow classical methods of avoiding genetic exchange between animals.  BL2-N describes containment which is 
used for transgenic animals associated with recombinant or synthetic nucleic acid molecule-derived organisms 
and is designed to eliminate the possibility of vertical or horizontal transmission.  Procedures, practices, and 
facilities follow classical methods of avoiding genetic exchange between animals or controlling arthropod 
transmission.  BL3-N and BL4-N describe higher levels of containment for research with certain transgenic 
animals involving agents which pose recognized hazard. 
 
In constructing the NIH Guidelines, it was necessary to define boundary conditions for the different levels of 
physical and biological containment and for the classes of experiments to which they apply.  These definitions 
do not take into account all existing and anticipated information on special procedures that will allow particular 
experiments to be conducted under different conditions than indicated here without affecting risk.  Individual 
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investigators and Institutional Biosafety Committees are urged to devise simple and more effective containment 
procedures and to submit recommended changes in the NIH Guidelines to permit the use of these procedures. 

*********************************************************************************************************************** 

SECTION III. EXPERIMENTS COVERED BY THE NIH GUIDELINES 

This section describes six categories of experiments involving recombinant or synthetic nucleic acid molecules:  
(i) those that require Institutional Biosafety Committee (IBC) approval, RAC review, and NIH Director approval 
before initiation (see Section III-A), (ii) those that require NIH OSP and Institutional Biosafety Committee 
approval before initiation (see Section III-B), (iii) those that require Institutional Biosafety Committee and 
Institutional Review Board approvals and RAC review before research participant enrollment (see Section III-C), 
(iv) those that require Institutional Biosafety Committee approval before initiation (see Section III-D), (v) those 
that require Institutional Biosafety Committee notification simultaneous with initiation (see Section III-E), and (vi) 
those that are exempt from the NIH Guidelines (see Section III-F). 

Note:  If an experiment falls into Sections III-A, III-B, or III-C and one of the other sections, the rules pertaining 
to Sections III-A, III-B, or III-C shall be followed.  If an experiment falls into Section III-F and into either Sections 
III-D or III-E as well, the experiment is considered exempt from the NIH Guidelines. 

Any change in containment level, which is different from those specified in the NIH Guidelines, may not be 
initiated without the express approval of NIH OSP (see Section IV-C-1-b-(2) and its subsections, Minor Actions). 

Section III-A. Experiments that Require Institutional Biosafety Committee Approval, RAC Review, and 
NIH Director Approval Before Initiation (See Section IV-C-1-b-(1), Major Actions). 

Section III-A-1. Major Actions under the NIH Guidelines 

Experiments considered as Major Actions under the NIH Guidelines cannot be initiated without submission of 
relevant information on the proposed experiment to the Office of Science Policy, National Institutes of Health, 
preferably by e-mail to:  NIHGuidelines@od.nih.gov, the publication of the proposal in the Federal Register for 
15 days of comment, review by RAC, and specific approval by NIH.  The containment conditions or stipulation 
requirements for such experiments will be recommended by RAC and set by NIH at the time of approval.  Such 
experiments require Institutional Biosafety Committee approval before initiation.  Specific experiments already 
approved are included in Appendix D, Major Actions Taken under the NIH Guidelines, which may be obtained 
from the Office of Science Policy, National Institutes of Health, preferably by submitting a request for this 
information to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the 
OSP website (www.osp.od.nih.gov). 

Section III-A-1-a.  The deliberate transfer of a drug resistance trait to microorganisms that are not known to 
acquire the trait naturally (see Section V-B, Footnotes and References of Sections I-IV), if such acquisition could 
compromise the ability to control disease agents in humans, veterinary medicine, or agriculture, will be reviewed 
by the RAC. 

Consideration should be given as to whether the drug resistance trait to be used in the experiment would render 
that microorganism resistant to the primary drug available to and/or indicated for certain populations, for 
example children or pregnant women. 

At the request of an Institutional Biosafety Committee, NIH OSP will make a determination regarding whether a 
specific experiment involving the deliberate transfer of a drug resistance trait falls under Section III-A-1-a and 
therefore requires RAC review and NIH Director approval.  An Institutional Biosafety Committee may also 
consult with NIH OSP regarding experiments that do not meet the requirements of Section III-A-1-a but 
nonetheless raise important public health issues.  NIH OSP will consult, as needed, with one or more experts, 
which may include the RAC. 

Section III-B. Experiments That Require NIH OSP and Institutional Biosafety Committee Approval 
Before Initiation 

Experiments in this category cannot be initiated without submission of relevant information on the proposed 
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experiment to NIH OSP.  The containment conditions for such experiments will be determined by NIH OSP in 
consultation with ad hoc experts.  Such experiments require Institutional Biosafety Committee approval before 
initiation (see Section IV-B-2-b-(1), Institutional Biosafety Committee). 

Section III-B-1. Experiments Involving the Cloning of Toxin Molecules with LD50 of Less than 100 
Nanograms per Kilogram Body Weight 

Deliberate formation of recombinant or synthetic nucleic acid molecules containing genes for the biosynthesis of 
toxin molecules lethal for vertebrates at an LD50 of less than 100 nanograms per kilogram body weight (e.g., 
microbial toxins such as the botulinum toxins, tetanus toxin, diphtheria toxin, and Shigella dysenteriae 
neurotoxin).  Specific approval has been given for the cloning in Escherichia coli K-12 of DNA containing genes 
coding for the biosynthesis of toxic molecules which are lethal to vertebrates at 100 nanograms to 100 
micrograms per kilogram body weight.  Specific experiments already approved under this section may be 
obtained from the Office of Science Policy, National Institutes of Health, preferably by submitting a request for 
this information to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the 
OSP website (www.osp.od.nih.gov). 

Section III-B-2. Experiments that have been Approved (under Section III-A-1-a) as Major Actions under 
the NIH Guidelines 

Upon receipt and review of an application from the investigator, NIH OSP may determine that a proposed 
experiment is equivalent to an experiment that has previously been approved by the NIH Director as a Major 
Action, including experiments approved prior to implementation of these changes.  An experiment will only be 
considered equivalent if, as determined by NIH OSP, there are no substantive differences and pertinent 
information has not emerged since submission of the initial III-A-1-a experiment that would change the biosafety 
and public health considerations for the proposed experiments.  If such a determination is made by NIH OSP, 
these experiments will not require review and approval under Section III-A. 

 Section III-C. Experiments that Require Institutional Biosafety Committee and Institutional 
Review Board Approvals and RAC Review (if applicable) Before Research Participant Enrollment 

Section III-C-1. Experiments Involving the Deliberate Transfer of Recombinant or Synthetic Nucleic Acid 
Molecules, or DNA or RNA Derived from Recombinant or Synthetic Nucleic Acid Molecules, into One or 
More Human Research Participants 

Human gene transfer is the deliberate transfer into human research participants of either: 
1. Recombinant nucleic acid molecules, or DNA or RNA derived from recombinant nucleic acid

molecules, or 
2. Synthetic nucleic acid molecules, or DNA or RNA derived from synthetic nucleic acid molecules,

that meet any one of the following criteria: 
a. Contain more than 100 nucleotides; or
b. Possess biological properties that enable integration into the genome (e.g., cis elements

involved in integration); or
c. Have the potential to replicate in a cell; or
d. Can be translated or transcribed.

No research participant shall be enrolled (see definition of enrollment in Section I-E-7) until the NIH protocol 
registration process has been completed (see Appendix M-I-B, Selection of Individual Protocols for Public RAC 
Review and Discussion). 

In its evaluation of human gene transfer protocols, the NIH will make a determination, following a request from 
one or more oversight bodies involved in the review at an initial site(s), whether a proposed human gene 
transfer experiment meets the the requirements for selecting protocols for RAC review and discussion (See 
Appendix M-I-B).  The process of public RAC review and discussion is intended to foster the safe and ethical 
conduct of human gene transfer experiments.  Public review and discussion of a human gene transfer 
experiment (and access to relevant information) also serves to inform the public about the technical aspects of 
the proposal, the meaning and significance of the research, and any significant safety, social, and ethical 
implications of the research. 

Public RAC review and discussion of a human gene transfer experiment will be initiated in two exceptional 
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circumstances:  (1) Following a request for public RAC review from one or more oversight bodies involved in the 
review at an initial site(s), the NIH concurs that (a) the individual protocol would significantly benefit from RAC 
review and (b) that the submission meets one or more of the following NIH RAC review criteria: i) the protocol 
uses a new vector, genetic material, or delivery methodology that represents a first-in-human experience, thus 
presenting an unknown risk; ii) the protocol relies on preclinical safety data that were obtained using a new 
preclinical model system of unknown and unconfirmed value; or iii) the proposed vector, gene construct, or 
method of delivery is associated with possible toxicities that are not widely known and that may render it difficult 
for oversight and federal regulatory bodies to evaluate the protocol rigorously.  However, if one or more 
oversight bodies involved in the review at an initial site(s) requests public RAC review, but the NIH does not 
concur that (a) the individual protocol would significantly benefit from RAC review and (b) that the submission 
meets one or more of the RAC review criteria (listed in i, ii, or iii), then the NIH OSP will inform, within 10 
working days, the requesting and other oversight bodies involved in the review at an initial site(s) that public 
RAC review is not warranted.  (2) The NIH Director, in consultation (if needed) with appropriate regulatory 
authorities, determines that the submission:  (a) meets one or more of the NIH RAC review criteria (listed in i, ii, 
or iii) and that public RAC review and discussion would provide a clear and obvious benefit to the scientific 
community or the public; or (b) raises significant scientific, societal, or ethical concerns.  

For a clinical trial site that is added after the completion of the NIH protocol registration process, no research 
participant shall be enrolled (see definition of enrollment in Section I-E-7) at the clinical trial site until IBC 
approval and IRB approval from that site have been obtained.  Within 30 days of enrollment (see definition of 
enrollment in Section I-E-7) at a clinical trial site, the following documentation shall be submitted to NIH 
OSP:  (1) Institutional Biosafety Committee approval (from the clinical trial site); (2) Institutional Review Board 
approval; (3) Institutional Review Board-approved informed consent document(s); and (4) NIH grant number(s) if 
applicable. 

In order to maintain public access to information regarding human gene transfer (including protocols that are not 
publicly reviewed by the RAC), the NIH OSP will maintain the documentation described in Appendices M-I 
through M-II.  The information provided in response to Appendix M should not contain any confidential 
commercial or financial information or trade secrets, enabling all aspects of RAC review to be open to the public. 

Note:  For specific directives concerning the use of retroviral vectors for gene delivery, consult Appendix B-V-1, 
Murine Retroviral Vectors. 

Section III-D. Experiments that Require Institutional Biosafety Committee Approval Before Initiation 

Prior to the initiation of an experiment that falls into this category, the Principal Investigator must submit a 
registration document to the Institutional Biosafety Committee which contains the following information:  (i) the 
source(s) of DNA; (ii) the nature of the inserted DNA sequences; (iii) the host(s) and vector(s) to be used; (iv) if 
an attempt will be made to obtain expression of a foreign gene, and if so, indicate the protein that will be 
produced; and (v) the containment conditions that will be implemented as specified in the NIH Guidelines.  For 
experiments in this category, the registration document shall be dated, signed by the Principal Investigator, and 
filed with the Institutional Biosafety Committee.  The Institutional Biosafety Committee shall review and approve 
all experiments in this category prior to their initiation.  Requests to decrease the level of containment specified 
for experiments in this category will be considered by NIH (see Section IV-C-1-b-(2)-(c), Minor Actions). 

Section III-D-1. Experiments Using Risk Group 2, Risk Group 3, Risk Group 4, or Restricted Agents as 
Host-Vector Systems (See Section II-A, Risk Assessment) 

Section III-D-1-a.  Experiments involving the introduction of recombinant or synthetic nucleic acid molecules 
into Risk Group 2 agents will usually be conducted at Biosafety Level (BL) 2 containment.  Experiments with 
such agents will usually be conducted with whole animals at BL2 or BL2-N (Animals) containment. 

Section III-D-1-b.  Experiments involving the introduction of recombinant or synthetic nucleic acid molecules 
into Risk Group 3 agents will usually be conducted at BL3 containment.  Experiments with such agents will 
usually be conducted with whole animals at BL3 or BL3-N containment. 

Section III-D-1-c.  Experiments involving the introduction of recombinant or synthetic nucleic acid molecules 
into Risk Group 4 agents shall be conducted at BL4 containment.  Experiments with such agents shall be 
conducted with whole animals at BL4 or BL4-N containment. 

YM95NC Attachment -- Page 172



Page 18 - NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid Molecules (April 2016) 

Section III-D-1-d.  Containment conditions for experiments involving the introduction of recombinant or synthetic 
nucleic acid molecules into restricted agents shall be set on a case-by-case basis following NIH OSP review.  A 
U.S. Department of Agriculture - Animal and Plant Health Inspection Service (USDA/APHIS) permit is required 
for work with plant or animal pathogens (see Section V-G and V-M, Footnotes and References of Sections I-IV).  
Experiments with such agents shall be conducted with whole animals at BL4 or BL4-N containment. 

Section III-D-2. Experiments in Which DNA From Risk Group 2, Risk Group 3, Risk Group 4, or 
Restricted Agents is Cloned into Nonpathogenic Prokaryotic or Lower Eukaryotic Host-Vector Systems 

Section III-D-2-a.  Experiments in which DNA from Risk Group 2 or Risk Group 3 agents (see Section II-A, Risk 
Assessment) is transferred into nonpathogenic prokaryotes or lower eukaryotes may be performed under BL2 
containment.  Experiments in which DNA from Risk Group 4 agents is transferred into nonpathogenic 
prokaryotes or lower eukaryotes may be performed under BL2 containment after demonstration that only a 
totally and irreversibly defective fraction of the agent's genome is present in a given recombinant.  In the 
absence of such a demonstration, BL4 containment shall be used.  The Institutional Biosafety Committee may 
approve the specific lowering of containment for particular experiments to BL1.  Many experiments in this 
category are exempt from the NIH Guidelines (see Section III-F, Exempt Experiments).  Experiments involving 
the formation of recombinant or synthetic nucleic acid molecules for certain genes coding for molecules toxic for 
vertebrates require NIH OSP approval (see Section III-B-1, Experiments Involving the Cloning of Toxin 
Molecules with LD50 of Less than 100 Nanograms Per Kilogram Body Weight) or shall be conducted under NIH 
specified conditions as described in Appendix F, Containment Conditions for Cloning of Genes Coding for the 
Biosynthesis of Molecules Toxic for Vertebrates. 

Section III-D-2-b.  Containment conditions for experiments in which DNA from restricted agents is transferred 
into nonpathogenic prokaryotes or lower eukaryotes shall be determined by NIH OSP following a case-by-case 
review (see Section V-L, Footnotes and References of Sections I-IV).  A U.S. Department of Agriculture permit 
is required for work with plant or animal pathogens (see Section V-G, Footnotes and References of Sections I-
IV). 

Section III-D-3. Experiments Involving the Use of Infectious DNA or RNA Viruses or Defective DNA or 
RNA Viruses in the Presence of Helper Virus in Tissue Culture Systems 

Caution:  Special care should be used in the evaluation of containment levels for experiments which are likely 
to either enhance the pathogenicity (e.g., insertion of a host oncogene) or to extend the host range (e.g., 
introduction of novel control elements) of viral vectors under conditions that permit a productive infection.  In 
such cases, serious consideration should be given to increasing physical containment by at least one level. 

Note:  Recombinant or synthetic nucleic acid molecules or nucleic acid molecules derived therefrom, which 
contain less than two-thirds of the genome of any eukaryotic virus (all viruses from a single Family (see Section 
V-J, Footnotes and References of Sections I-IV) being considered identical (see Section V-K, Footnotes and 
References of Sections I-IV), are considered defective and may be used in the absence of helper under the 
conditions specified in Section III-E-1, Experiments Involving the Formation of Recombinant or Synthetic 
Molecules Containing No More than Two-Thirds of the Genome of any Eukaryotic Virus. 

Section III-D-3-a.  Experiments involving the use of infectious or defective Risk Group 2 viruses (see Appendix 
B-II, Risk Group 2 Agents) in the presence of helper virus may be conducted at BL2. 

Section III-D-3-b.  Experiments involving the use of infectious or defective Risk Group 3 viruses (see Appendix 
B-III-D, Risk Group 3 (RG3) - Viruses and Prions) in the presence of helper virus may be conducted at BL3. 

Section III-D-3-c.  Experiments involving the use of infectious or defective Risk Group 4 viruses (see Appendix 
B-IV-D, Risk Group 4 (RG4) - Viral Agents) in the presence of helper virus may be conducted at BL4. 

Section III-D-3-d.  Experiments involving the use of infectious or defective restricted poxviruses (see Sections 
V-A and V-L, Footnotes and References of Sections I-IV) in the presence of helper virus shall be determined on 
a case-by-case basis following NIH OSP review.  A U.S. Department of Agriculture permit is required for work 
with plant or animal pathogens (see Section V-G, Footnotes and References of Sections I-IV). 

Section III-D-3-e.  Experiments involving the use of infectious or defective viruses in the presence of helper 
virus which are not covered in Sections III-D-3-a through III-D-3-d may be conducted at BL1. 
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Section III-D-4. Experiments Involving Whole Animals 

This section covers experiments involving whole animals in which the animal's genome has been altered by 
stable introduction of recombinant or synthetic nucleic acid molecules, or nucleic acids derived therefrom, into 
the germ-line (transgenic animals) and experiments involving viable recombinant or synthetic nucleic acid 
molecule-modified microorganisms tested on whole animals.  For the latter, other than viruses which are only 
vertically transmitted, the experiments may not be conducted at BL1-N containment.  A minimum containment of 
BL2 or BL2-N is required. 

Caution - Special care should be used in the evaluation of containment conditions for some experiments with 
transgenic animals.  For example, such experiments might lead to the creation of novel mechanisms or 
increased transmission of a recombinant pathogen or production of undesirable traits in the host animal.  In 
such cases, serious consideration should be given to increasing the containment conditions. 

Section III-D-4-a.  Recombinant or synthetic nucleic acid molecules, or DNA or RNA molecules derived 
therefrom, from any source except for greater than two-thirds of eukaryotic viral genome may be transferred to 
any non-human vertebrate or any invertebrate organism and propagated under conditions of physical 
containment comparable to BL1 or BL1-N and appropriate to the organism under study (see Section V-B, 
Footnotes and References of Sections I-IV).  Animals that contain sequences from viral vectors, which do not 
lead to transmissible infection either directly or indirectly as a result of complementation or recombination in 
animals, may be propagated under conditions of physical containment comparable to BL1 or BL1-N and 
appropriate to the organism under study.  Experiments involving the introduction of other sequences from 
eukaryotic viral genomes into animals are covered under Section III-D-4-b, Experiments Involving Whole 
Animals.  For experiments involving recombinant or synthetic nucleic acid molecule-modified Risk Groups 2, 3, 
4, or restricted organisms, see Sections V-A, V-G, and V-L, Footnotes and References of Sections I-IV.  It is 
important that the investigator demonstrate that the fraction of the viral genome being utilized does not lead to 
productive infection.  A U.S. Department of Agriculture permit is required for work with plant or animal 
pathogens (see Section V-G, Footnotes and References of Sections I-IV). 

Section III-D-4-b.  For experiments involving recombinant or synthetic nucleic acid molecules, or DNA or RNA 
derived therefrom, involving whole animals, including transgenic animals, and not covered by Section III-D-1, 
Experiments Using Human or Animal Pathogens (Risk Group 2, Risk Group 3, Risk Group 4, or Restricted 
Agents as Host-Vector Systems), or Section III-D-4-a, the appropriate containment shall be determined by the 
Institutional Biosafety Committee. 

Section III-D-4-c.  Exceptions under Section III-D-4, Experiments Involving Whole Animals 

Section III-D-4-c-(1).  Experiments involving the generation of transgenic rodents that require BL1 containment 
are described under Section III-E-3, Experiments Involving Transgenic Rodents. 

Section III-D-4-c-(2).  The purchase or transfer of transgenic rodents is exempt from the NIH Guidelines under 
Section III-F, Exempt Experiments (see Appendix C-VII, The Purchase or Transfer of Transgenic Rodents). 

Section III-D-5. Experiments Involving Whole Plants 

Experiments to genetically engineer plants by recombinant or synthetic nucleic acid molecule methods, to use 
such plants for other experimental purposes (e.g., response to stress), to propagate such plants, or to use 
plants together with microorganisms or insects containing recombinant or synthetic nucleic acid molecules, may 
be conducted under the containment conditions described in Sections III-D-5-a through III-D-5-e.  If experiments 
involving whole plants are not described in Section III-D-5 and do not fall under Sections III-A, III-B, III-D or III-F, 
they are included in Section III-E. 

NOTE - For recombinant or synthetic nucleic acid molecule experiments falling under Sections III-D-5-a through 
III-D-5-d, physical containment requirements may be reduced to the next lower level by appropriate biological 
containment practices, such as conducting experiments on a virus with an obligate insect vector in the absence 
of that vector or using a genetically attenuated strain. 
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Section III-D-5-a.  BL3-P (Plants) or BL2-P + biological containment is recommended for experiments involving 
most exotic (see Section V-M, Footnotes and References of Sections I-IV) infectious agents with recognized 
potential for serious detrimental impact on managed or natural ecosystems when recombinant or synthetic 
nucleic acid molecule techniques are associated with whole plants. 

Section III-D-5-b.  BL3-P or BL2-P + biological containment is recommended for experiments involving plants 
containing cloned genomes of readily transmissible exotic (see Section V-M, Footnotes and References of 
Sections I-IV) infectious agents with recognized potential for serious detrimental effects on managed or natural 
ecosystems in which there exists the possibility of reconstituting the complete and functional genome of the 
infectious agent by genomic complementation in planta. 

Section III-D-5-c.  BL4-P containment is recommended for experiments with a small number of readily 
transmissible exotic (see Section V-M, Footnotes and References of Sections I-IV) infectious agents, such as 
the soybean rust fungus (Phakospora pachyrhizi) and maize streak or other viruses in the presence of their 
specific arthropod vectors, that have the potential of being serious pathogens of major U.S. crops. 

Section III-D-5-d.  BL3-P containment is recommended for experiments involving sequences encoding potent 
vertebrate toxins introduced into plants or associated organisms.  Recombinant or synthetic nucleic acid 
molecules containing genes for the biosynthesis of toxin molecules lethal for vertebrates at an LD50 of <100 
nanograms per kilogram body weight fall under Section III-B-1, Experiments Involving the Cloning of Toxin 
Molecules with LD50 of Less than 100 Nanograms Per Kilogram Body Weight, and require NIH OSP and 
Institutional Biosafety Committee approval before initiation. 

Section III-D-5-e.  BL3-P or BL2-P + biological containment is recommended for experiments with microbial 
pathogens of insects or small animals associated with plants if the recombinant or synthetic nucleic acid 
molecule-modified organism has a recognized potential for serious detrimental impact on managed or natural 
ecosystems. 

Section III-D-6. Experiments Involving More than 10 Liters of Culture 

The appropriate containment will be decided by the Institutional Biosafety Committee.  Where appropriate, 
Appendix K, Physical Containment for Large Scale Uses of Organisms Containing Recombinant or Synthetic 
Recombinant or synthetic nucleic acid Molecules, shall be used.  Appendix K describes containment conditions 
Good Large Scale Practice through BL3-Large Scale. 

Section III-D-7. Experiments Involving Influenza Viruses 

Experiments with influenza viruses generated by recombinant or synthetic methods (e.g., generation by reverse 
genetics of chimeric viruses with reassorted segments, introduction of specific mutations) shall be conducted at 
the biosafety level containment corresponding to the Risk Group of the virus that was the source of the majority 
of segments in the recombinant or synthetic virus (e.g., experiments with viruses containing a majority of 
segments from a RG3 virus shall be conducted at BL3).  Experiments with influenza viruses containing genes or 
segments from 1918-1919 H1N1 (1918 H1N1), human H2N2 (1957-1968) and highly pathogenic avian influenza 
H5N1 strains within the Goose/Guangdong/96-like H5 lineage (HPAI H5N1), including, but not limited to, 
strains of HPAI H5N1 virus that are transmissible among mammals by respiratory droplets, as demonstrated 
in an appropriate animal model or clinically in humans (hereinafter referred to as mammalian-transmissible 
HPAI H5N1 virus), shall be conducted at BL3 enhanced containment (see  Appendix G-II-C-5, Biosafety Level 3 
Enhanced for Research Involving Risk Group 3 Influenza Viruses) unless indicated below. 

Section III-D-7-a.  Human H2N2 (1957-1968).  Experiments with influenza viruses containing the H2 
hemagglutinin (HA) segment shall be conducted at BL3 enhanced (see Appendix G-II-C-5, Biosafety Level 3 
Enhanced for Research Involving Risk Group 3 Influenza Viruses).  Experiments with the H2 HA gene in cold-
adapted, live attenuated vaccine strains (e.g., A/Ann Arbor/6/60 H2N2) may be conducted at BL2 containment 
provided segments with mutations conferring temperature sensitivity and attenuation are not altered in the 
recombinant or synthetic virus.  Experiments with Risk Group 2 influenza viruses containing genes from human 
H2N2 other than the HA gene can be worked on at BL2. 
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Section III-D-7-b.  Highly Pathogenic Avian Influenza H5N1 strains within the Goose/Guangdong/96-like 
H5 lineage (HPAI H5N1).  Experiments involving influenza viruses containing a majority of genes and/or 
segments from a HPAI H5N1 influenza virus shall be conducted at BL3 enhanced containment, (see Appendix 
G-II-C-5, Biosafety Level 3 Enhanced for Research Involving Risk Group 3 Influenza Viruses).  Experiments 
involving influenza viruses containing a minority of genes and/or segments from a HPAI H5N1 influenza virus 
shall be conducted at BL3 enhanced unless a risk assessment performed by the IBC determines that they can 
be conducted safely at biosafety level 2 and after they have been excluded pursuant to 9 CFR 121.3(e).  NIH 
OSP is available to IBCs to provide consultation with the RAC and influenza virus experts when risk 
assessments are being made to determine the appropriate biocontainment for experiments with influenza 
viruses containing a minority of gene/segments from HPAI H5N1.  Such experiments may be performed at BL3 
enhanced containment or containment may be lowered to biosafety level 2, the level of containment for most 
research with other influenza viruses.  (USDA/APHIS regulations and decisions on lowering containment also 
apply.)  In deciding to lower containment, the IBC should consider whether, in at least two animal models (e.g., 
ferret, mouse, Syrian golden hamster, cotton rat, non-human primates), there is evidence that the resulting 
influenza virus shows reduced replication and virulence compared to the parental RG3 virus at relevant doses.  
This should be determined by measuring biological indices appropriate for the specific animal model (e.g., 
severe weight loss, elevated temperature, mortality or neurological symptoms). 

Section III-D-7-c.  1918 H1N1.  Experiments involving influenza viruses containing any gene or segment from 
1918 H1N1 shall be conducted at BL3 enhanced containment (see Appendix G-II-C-5, Biosafety Level 3 
Enhanced for Research Involving Risk Group 3 Influenza Viruses). 

Section III-D-7-d. Antiviral Susceptibility and Containment.  The availability of antiviral drugs as preventive 
and therapeutic measures is an important safeguard for experiments with 1918 H1N1, HPAI H5N1, and human 
H2N2 (1957-1968).  If an influenza virus containing genes from one of these viruses is resistant to both classes 
of current antiviral agents, adamantanes and neuraminidase inhibitors, higher containment may be required 
based on the risk assessment considering transmissibility to humans, virulence, pandemic potential, alternative 
antiviral agents if available, etc. 

Experiments with 1918 H1N1, human H2N2 (1957-1968) or HPAI H5N1 that are designed to create resistance 
to neuraminidase inhibitors or other effective antiviral agents (including investigational antiviral agents being 
developed for influenza) would be subject to Section III-A-1 (Major Actions) and require RAC review and NIH 
Director approval.  As per Section I-A-1 of the NIH Guidelines, if the agent is a Select Agent, the NIH will defer 
to the appropriate Federal agency (HHS or USDA Select Agent Divisions) on such experiments. 

Section III-E. Experiments that Require Institutional Biosafety Committee Notice Simultaneous with 
Initiation 

Experiments not included in Sections III-A, III-B, III-C, III-D, III-F, and their subsections are considered in 
Section III-E.  All such experiments may be conducted at BL1 containment.  For experiments in this category, a 
registration document (see Section III-D, Experiments that Require Institutional Biosafety Committee Approval 
Before Initiation) shall be dated and signed by the investigator and filed with the local Institutional Biosafety 
Committee at the time the experiment is initiated.  The Institutional Biosafety Committee reviews and approves 
all such proposals, but Institutional Biosafety Committee review and approval prior to initiation of the experiment 
is not required (see Section IV-A, Policy).  For example, experiments in which all components derived from non-
pathogenic prokaryotes and non-pathogenic lower eukaryotes fall under Section III-E and may be conducted at 
BL1 containment. 
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Section III-E-1.  Experiments Involving the Formation of Recombinant or Synthetic Nucleic Acid 
Molecules Containing No More than Two-Thirds of the Genome of any Eukaryotic Virus 

Recombinant or synthetic nucleic acid molecules containing no more than two-thirds of the genome of any 
eukaryotic virus (all viruses from a single Family being considered identical [see Section V-J, Footnotes and 
References of Sections I-IV]) may be propagated and maintained in cells in tissue culture using BL1 
containment.  For such experiments, it must be demonstrated that the cells lack helper virus for the specific 
Families of defective viruses being used.  If helper virus is present, procedures specified under Section III-D-3, 
Experiments Involving the Use of Infectious Animal or Plant DNA or RNA Viruses or Defective Animal or Plant 
DNA or RNA Viruses in the Presence of Helper Virus in Tissue Culture Systems, should be used.  The DNA 
may contain fragments of the genome of viruses from more than one Family but each fragment shall be less 
than two-thirds of a genome. 

Section III-E-2. Experiments Involving Whole Plants 

This section covers experiments involving nucleic acid molecule-modified whole plants, and/or experiments 
involving recombinant or synthetic nucleic acid molecule-modified organisms associated with whole plants, 
except those that fall under Section III-A, III-B, III-D, or III-F.  It should be emphasized that knowledge of the 
organisms and judgment based on accepted scientific practices should be used in all cases in selecting the 
appropriate level of containment.  For example, if the genetic modification has the objective of increasing 
pathogenicity or converting a non-pathogenic organism into a pathogen, then a higher level of containment may 
be appropriate depending on the organism, its mode of dissemination, and its target organisms.  By contrast, a 
lower level of containment may be appropriate for small animals associated with many types of recombinant or 
synthetic nucleic acid molecule-modified plants. 

Section III-E-2-a.  BL1-P is recommended for all experiments with recombinant or synthetic recombinant or 
synthetic nucleic acid molecule-containing plants and plant-associated microorganisms not covered in Section 
III-E-2-b or other sections of the NIH Guidelines.  Examples of such experiments are those involving 
recombinant or synthetic nucleic acid molecule-modified plants that are not noxious weeds or that cannot 
interbreed with noxious weeds in the immediate geographic area, and experiments involving whole plants and 
recombinant or synthetic nucleic acid molecule-modified non-exotic (see Section V-M, Footnotes and 
References of Sections I-IV) microorganisms that have no recognized potential for rapid and widespread 
dissemination or for serious detrimental impact on managed or natural ecosystems (e.g., Rhizobium spp. and 
Agrobacterium spp.). 

Section III-E-2-b.  BL2-P or BL1-P + biological containment is recommended for the following experiments: 

Section III-E-2-b-(1).  Plants modified by recombinant or synthetic nucleic acid molecules that are noxious 
weeds or can interbreed with noxious weeds in the immediate geographic area. 

Section III-E-2-b-(2).  Plants in which the introduced DNA represents the complete genome of a non-exotic 
infectious agent (see Section V-M, Footnotes and References of Sections I-IV). 

Section III-E-2-b-(3).  Plants associated with recombinant or synthetic nucleic acid molecule-modified non-
exotic microorganisms that have a recognized potential for serious detrimental impact on managed or natural 
ecosystems (see Section V-M, Footnotes and References of Sections I-IV). 

Section III-E-2-b-(4).  Plants associated with recombinant or synthetic nucleic acid molecule-modified exotic 
microorganisms that have no recognized potential for serious detrimental impact on managed or natural 
ecosystems (see Section V-M, Footnotes and References of Sections I-IV). 

Section III-E-2-b-(5).  Experiments with recombinant or synthetic nucleic acid molecule-modified arthropods or 
small animals associated with plants, or with arthropods or small animals with recombinant or synthetic nucleic 
acid molecule-modified microorganisms associated with them if the recombinant or synthetic nucleic acid 
molecule-modified microorganisms have no recognized potential for serious detrimental impact on managed or 
natural ecosystems (see Section V-M, Footnotes and References of Sections I-IV). 
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Section III-E-3. Experiments Involving Transgenic Rodents 

This section covers experiments involving the generation of rodents in which the animal's genome has been 
altered by stable introduction of recombinant or synthetic nucleic acid molecules, or nucleic acids derived 
therefrom, into the germ-line (transgenic rodents).  Only experiments that require BL1 containment are covered 
under this section; experiments that require BL2, BL3, or BL4 containment are covered under Section III-D-4, 
Experiments Involving Whole Animals. 

Section III-E-3-a.  Experiments involving the breeding of certain BL1 transgenic rodents are exempt under 
Section III-F, Exempt Experiments (See Appendix C-VIII, Generation of BL1 Transgenic Rodents via Breeding). 

Section III-F. Exempt Experiments 

The following recombinant or synthetic nucleic acid molecules are exempt from the NIH Guidelines and 
registration with the Institutional Biosafety Committee is not required; however, other federal and state 
standards of biosafety may still apply to such research (for example, the Centers for Disease Control and 
Prevention (CDC)/NIH publication Biosafety in Microbiological and Biomedical Laboratories). 

Section III-F-1.  Those synthetic nucleic acids that:  (1) can neither replicate nor generate nucleic acids that can 
replicate in any living cell (e.g., oligonucleotides or other synthetic nucleic acids that do not contain an origin of 
replication or contain elements known to interact with either DNA or RNA polymerase), and (2) are not designed 
to integrate into DNA, and (3) do not produce a toxin that is lethal for vertebrates at an LD50 of less than 100 
nanograms per kilogram body weight.  If a synthetic nucleic acid is deliberately transferred into one or more 
human research participants and meets the criteria of Section III-C, it is not exempt under this Section. 

Section III-F-2.  Those that are not in organisms, cells, or viruses and that have not been modified or 
manipulated (e.g., encapsulated into synthetic or natural vehicles) to render them capable of penetrating cellular 
membranes. 

Section III-F-3.  Those that consist solely of the exact recombinant or synthetic nucleic acid sequence from a 
single source that exists contemporaneously in nature. 

Section III-F-4.  Those that consist entirely of nucleic acids from a prokaryotic host, including its indigenous 
plasmids or viruses when propagated only in that host (or a closely related strain of the same species), or when 
transferred to another host by well-established physiological means.  

Section III-F-5.  Those that consist entirely of nucleic acids from a eukaryotic host including its chloroplasts, 
mitochondria, or plasmids (but excluding viruses) when propagated only in that host (or a closely related strain 
of the same species). 

Section III-F-6.  Those that consist entirely of DNA segments from different species that exchange DNA by 
known physiological processes, though one or more of the segments may be a synthetic equivalent.  A list of 
such exchangers will be prepared and periodically revised by the NIH Director with advice of the RAC after 
appropriate notice and opportunity for public comment (see Section IV-C-1-b-(1)-(c), Major Actions).  See 
Appendices A-I through A-VI, Exemptions under Section III-F-6--Sublists of Natural Exchangers, for a list of 
natural exchangers that are exempt from the NIH Guidelines. 

Section III-F-7.  Those genomic DNA molecules that have acquired a transposable element, provided the 
transposable element does not contain any recombinant and/or synthetic DNA. 

Section III-F-8.  Those that do not present a significant risk to health or the environment (see Section IV-C-1-b-
(1)-(c), Major Actions), as determined by the NIH Director, with the advice of the RAC, and following appropriate 
notice and opportunity for public comment.  See Appendix C, Exemptions under Section III-F-8 for other classes 
of experiments which are exempt from the NIH Guidelines. 

*********************************************************************************************************************** 
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SECTION IV. ROLES AND RESPONSIBILITIES 

Section IV-A. Policy 

The safe conduct of experiments involving recombinant or synthetic nucleic acid molecules depends on the 
individual conducting such activities.  The NIH Guidelines cannot anticipate every possible situation.  Motivation 
and good judgment are the key essentials to protection of health and the environment.  The NIH Guidelines are 
intended to assist the institution, Institutional Biosafety Committee, Biological Safety Officer, and the Principal 
Investigator in determining safeguards that should be implemented.  The NIH Guidelines will never be complete 
or final since all conceivable experiments involving recombinant or synthetic nucleic acid molecules cannot be 
foreseen.  The utilization of new genetic manipulation techniques may enable work previously conducted using 
recombinant means to be accomplished faster, more efficiently, or at larger scale.  These techniques have not 
yet yielded organisms that present safety concerns that fall outside the current risk assessment framework used 
for recombinant nucleic acid research.  Nonetheless, an appropriate risk assessment of experiments involving 
these techniques must be conducted taking into account the way these approaches may alter the risk 
assessment.  As new techniques develop, the NIH Guidelines should be periodically reviewed to determine 
whether and how such research should be explicitly addressed.  

It is the responsibility of the institution and those associated with it to adhere to the intent of the NIH Guidelines 
as well as to their specifics.  Therefore, each institution (and the Institutional Biosafety Committee acting on its 
behalf) is responsible for ensuring that all research with recombinant or synthetic nucleic acid molecules 
conducted at or sponsored by that institution is conducted in compliance with the NIH Guidelines.  The following 
roles and responsibilities constitute an administrative framework in which safety is an essential and integral part 
of research involving recombinant or synthetic nucleic acid molecules.  Further clarifications and interpretations 
of roles and responsibilities will be issued by NIH as necessary. 

Section IV-B. Responsibilities of the Institution 

Section IV-B-1. General Information 

Each institution conducting or sponsoring recombinant or synthetic nucleic acid molecule research which is 
covered by the NIH Guidelines is responsible for ensuring that the research is conducted in full conformity with 
the provisions of the NIH Guidelines.  In order to fulfill this responsibility, the institution shall: 

Section IV-B-1-a.  Establish and implement policies that provide for the safe conduct of recombinant or 
synthetic nucleic acid molecule research and that ensure compliance with the NIH Guidelines.  As part of its 
general responsibilities for implementing the NIH Guidelines, the institution may establish additional procedures, 
as deemed necessary, to govern the institution and its components in the discharge of its responsibilities under 
the NIH Guidelines.  Such procedures may include:  (i) statements formulated by the institution for the general 
implementation of the NIH Guidelines, and (ii) any additional precautionary steps the institution deems 
appropriate. 

Section IV-B-1-b.  Establish an Institutional Biosafety Committee that meets the requirements set forth in 
Section IV-B-2-a and carries out the functions detailed in Section IV-B-2-b. 

Section IV-B-1-c.  Appoint a Biological Safety Officer (who is also a member of the Institutional Biosafety 
Committee) if the institution:  (i) conducts recombinant or synthetic nucleic acid molecule research at Biosafety 
Level (BL) 3 or BL4, or (ii) engages in large-scale (greater than 10 liters) research.  The Biological Safety Officer 
carries out the duties specified in Section IV-B-3. 

Section IV-B-1-d.  Appoint at least one individual with expertise in plant, plant pathogen, or plant pest 
containment principles (who is a member of the Institutional Biosafety Committee) if the institution conducts 
recombinant or synthetic nucleic acid molecule research that requires Institutional Biosafety Committee approval 
in accordance with Appendix P, Physical and Biological Containment for Recombinant or Synthetic Nucleic Acid 
Molecule Research Involving Plants. 

Section IV-B-1-e.  Appoint at least one individual with expertise in animal containment principles (who is a 
member of the Institutional Biosafety Committee) if the institution conducts recombinant or synthetic nucleic acid 
molecule research that requires Institutional Biosafety Committee approval in accordance with Appendix Q, 
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Physical and Biological Containment for Recombinant or Synthetic Nucleic Acid Molecule Research Involving 
Animals. 

Section IV-B-1-f.  Ensure that when the institution participates in or sponsors recombinant or synthetic nucleic 
acid molecule research involving human subjects:  (i) the Institutional Biosafety Committee has adequate 
expertise and training (using ad hoc consultants as deemed necessary), (ii) all aspects of Appendix M have 
been appropriately addressed by the Principal Investigator; and (iii) no research participant shall be enrolled 
(see definition of enrollment in Section I-E-7) in a human gene transfer experiment until the NIH protocol 
registration process has been completed (see Appendix M-I-B, Selection of Individual Protocols for Public RAC 
Review and Discussion), Institutional Biosafety Committee approval has been obtained, Institutional Review 
Board approval has been obtained, and all applicable regulatory authorizations have been obtained.  
Institutional Biosafety Committee approval must be obtained from the clinical trial site. 

Section IV-B-1-g.  Assist and ensure compliance with the NIH Guidelines by Principal Investigators conducting 
research at the institution as specified in Section IV-B-7.  

Section IV-B-1-h.  Ensure appropriate training for the Institutional Biosafety Committee Chair and members, 
Biological Safety Officer and other containment experts (when applicable), Principal Investigators, and 
laboratory staff regarding laboratory safety and implementation of the NIH Guidelines.  The Institutional 
Biosafety Committee Chair is responsible for ensuring that Institutional Biosafety Committee members are 
appropriately trained.  The Principal Investigator is responsible for ensuring that laboratory staff are 
appropriately trained.  The institution is responsible for ensuring that the Principal Investigator has sufficient 
training; however, this responsibility may be delegated to the Institutional Biosafety Committee. 

Section IV-B-1-i.  Determine the necessity for health surveillance of personnel involved in connection with 
individual recombinant or synthetic nucleic acid molecule projects; and if appropriate, conduct a health 
surveillance program for such projects.  The institution shall establish and maintain a health surveillance 
program for personnel engaged in large-scale research or production activities involving viable organisms 
containing recombinant or synthetic nucleic acid molecules which require BL3 containment at the laboratory 
scale.  The institution shall establish and maintain a health surveillance program for personnel engaged in 
animal research involving viable recombinant or synthetic nucleic acid molecule-containing microorganisms that 
require BL3 or greater containment in the laboratory.  The Laboratory Safety Monograph discusses various 
components of such a program (e.g., records of agents handled, active investigation of relevant illnesses, and 
the maintenance of serial serum samples for monitoring serologic changes that may result from the employees' 
work experience).  Certain medical conditions may place a laboratory worker at increased risk in any endeavor 
where infectious agents are handled.  Examples cited in the Laboratory Safety Monograph include 
gastrointestinal disorders and treatment with steroids, immunosuppressive drugs, or antibiotics.  Workers with 
such disorders or treatment should be evaluated to determine whether they should be engaged in research with 
potentially hazardous organisms during their treatment or illness.  Copies of the Laboratory Safety Monograph 
are available from the Office of Science Policy, National Institutes of Health,  preferably by submitting a request 
for this information to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on 
the OSP website (www.osp.od.nih.gov). 

Section IV-B-1-j.  Report any significant problems, violations of the NIH Guidelines, or any significant research-
related accidents and illnesses to NIH OSP within thirty days, unless the institution determines that a report has 
already been filed by the Principal Investigator or Institutional Biosafety Committee.  Reports shall be sent to the 
Office of Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; 
additional contact information is also available here and on the OSP website (www.osp.od.nih.gov). 

Section IV-B-2. Institutional Biosafety Committee (IBC) 

The institution shall establish an Institutional Biosafety Committee whose responsibilities need not be restricted 
to recombinant or synthetic nucleic acid molecule research.  The Institutional Biosafety Committee shall meet 
the following requirements: 

Section IV-B-2-a. Membership and Procedures 

Section IV-B-2-a-(1).  The Institutional Biosafety Committee must be comprised of no fewer than five members 
so selected that they collectively have experience and expertise in recombinant or synthetic nucleic acid 
molecule technology and the capability to assess the safety of recombinant or synthetic nucleic acid molecule 
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research and to identify any potential risk to public health or the environment.  At least two members shall not be 
affiliated with the institution (apart from their membership on the Institutional Biosafety Committee) and who 
represent the interest of the surrounding community with respect to health and protection of the environment 
(e.g., officials of state or local public health or environmental protection agencies, members of other local 
governmental bodies, or persons active in medical, occupational health, or environmental concerns in the 
community).  The Institutional Biosafety Committee shall include at least one individual with expertise in plant, 
plant pathogen, or plant pest containment principles when experiments utilizing Appendix P, Physical and 
Biological Containment for Recombinant or Synthetic Nucleic Acid Molecule Research Involving Plants, require 
prior approval by the Institutional Biosafety Committee.  The Institutional Biosafety Committee shall include at 
least one scientist with expertise in animal containment principles when experiments utilizing Appendix Q, 
Physical and Biological Containment for Recombinant or Synthetic Nucleic Acid Molecule Research Involving 
Animals, require Institutional Biosafety Committee prior approval.  When the institution conducts recombinant or 
synthetic nucleic acid molecule research at BL3, BL4, or Large Scale (greater than 10 liters), a Biological Safety 
Officer is mandatory and shall be a member of the Institutional Biosafety Committee (see Section IV-B-3, 
Biological Safety Officer).  When the institution participates in or sponsors recombinant or synthetic nucleic acid 
molecule research involving human research participants, the institution must ensure that:  (i) the Institutional 
Biosafety Committee has adequate expertise and training (using ad hoc consultants as deemed necessary); (ii) 
all aspects of Appendix M have been appropriately addressed by the Principal Investigator; (iii) no research 
participant shall be enrolled (see definition of enrollment in Section I-E-7) in a human gene transfer experiment 
until the NIH protocol registration process has been completed (see Appendix M-I-B, Selection of Individual 
Protocols for Public RAC Review and Discussion); and (iv) final IBC approval is granted only after the NIH 
protocol registration process has been completed (see Appendix M-I-B, Selection of Individual Protocols for 
Public RAC Review and Discussion).  Institutional Biosafety Committee approval must be obtained from the 
clinical trial site. 

Note:  Individuals, corporations, and institutions not otherwise covered by the NIH Guidelines, are encouraged 
to adhere to the standards and procedures set forth in Sections I through IV (see Section IV-D, Voluntary 
Compliance.  The policy and procedures for establishing an Institutional Biosafety Committee under Voluntary 
Compliance, are specified in Section IV-D-2, Institutional Biosafety Committee Approval). 

Section IV-B-2-a-(2).  In order to ensure the competence necessary to review and approve recombinant or 
synthetic nucleic acid molecule activities, it is recommended that the Institutional Biosafety Committee:  (i) 
include persons with expertise in recombinant or synthetic nucleic acid molecule technology, biological safety, 
and physical containment; (ii) include or have available as consultants persons knowledgeable in institutional 
commitments and policies, applicable law, standards of professional conduct and practice, community attitudes, 
and the environment, and (iii) include at least one member representing the laboratory technical staff. 

Section IV-B-2-a-(3).  The institution shall file an annual report with NIH OSP which includes:  (i) a roster of all 
Institutional Biosafety Committee members clearly indicating the Chair, contact person, Biological Safety Officer 
(if applicable), plant expert (if applicable), animal expert (if applicable), human gene therapy expertise or ad hoc 
consultant (if applicable); and (ii) biographical sketches of all Institutional Biosafety Committee members 
(including community members). 

Section IV-B-2-a-(4).  No member of an Institutional Biosafety Committee may be involved (except to provide 
information requested by the Institutional Biosafety Committee) in the review or approval of a project in which 
he/she has been or expects to be engaged or has a direct financial interest. 

Section IV-B-2-a-(5).  The institution, that is ultimately responsible for the effectiveness of the Institutional 
Biosafety Committee, may establish procedures that the Institutional Biosafety Committee shall follow in its 
initial and continuing review and approval of applications, proposals, and activities. 

Section IV-B-2-a-(6).  When possible and consistent with protection of privacy and proprietary interests, the 
institution is encouraged to open its Institutional Biosafety Committee meetings to the public. 

Section IV-B-2-a-(7).  Upon request, the institution shall make available to the public all Institutional Biosafety 
Committee meeting minutes and any documents submitted to or received from funding agencies which the latter are 
required to make available to the public.  If public comments are made on Institutional Biosafety Committee actions, 
the institution shall forward both the public comments and the Institutional Biosafety Committee's response to the 
Office of Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional 
contact information is also available here and on the OSP website (www.osp.od.nih.gov). 
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Section IV-B-2-b. Functions 

On behalf of the institution, the Institutional Biosafety Committee is responsible for: 

Section IV-B-2-b-(1).  Reviewing recombinant or synthetic nucleic acid molecule research conducted at or 
sponsored by the institution for compliance with the NIH Guidelines as specified in Section III, Experiments 
Covered by the NIH Guidelines, and approving those research projects that are found to conform with the NIH 
Guidelines.  This review shall include:  (i) independent assessment of the containment levels required by the 
NIH Guidelines for the proposed research; (ii) assessment of the facilities, procedures, practices, and training 
and expertise of personnel involved in recombinant or synthetic nucleic acid molecule research; (iii) ensuring 
that all aspects of Appendix M have been appropriately addressed by the Principal Investigator; (iv) ensuring 
that no research participant is enrolled (see definition of enrollment in Section I-E-7) in a human gene transfer 
experiment until the NIH protocol registration process has been completed (see Appendix M-I-B, Selection of 
Individual Protocols for Public RAC Review and Discussion), Institutional Biosafety Committee approval (from 
the clinical trial site) has been obtained, Institutional Review Board approval has been obtained, and all 
applicable regulatory authorizations have been obtained; (v) for human gene transfer protocols selected for 
public RAC review and discussion, consideration of the issues raised and recommendations made as a result of 
this review and consideration of the Principal Investigator’s response to the recommendations; (vi) ensuring that 
final IBC approval is granted only after the NIH protocol registration process has been completed (see Appendix 
M-I-B, Selection of Individual Protocols for Public RAC Review and Discussion); and (vii) ensuring compliance 
with all surveillance, data reporting, and adverse event reporting requirements set forth in the NIH Guidelines. 

Section IV-B-2-b-(2).  Notifying the Principal Investigator of the results of the Institutional Biosafety Committee's 
review and approval. 

Section IV-B-2-b-(3).  Lowering containment levels for certain experiments as specified in Section III-D-2-a, 
Experiments in which DNA from Risk Group 2, Risk Group 3, Risk Group 4, or Restricted Agents is Cloned into 
Nonpathogenic Prokaryotic or Lower Eukaryotic Host-Vector Systems. 

Section IV-B-2-b-(4).  Setting containment levels as specified in Sections III-D-4-b, Experiments Involving 
Whole Animals, and III-D-5, Experiments Involving Whole Plants. 

Section IV-B-2-b-(5).  Periodically reviewing recombinant or synthetic nucleic acid molecule research 
conducted at the institution to ensure compliance with the NIH Guidelines. 

Section IV-B-2-b-(6).  Adopting emergency plans covering accidental spills and personnel contamination 
resulting from recombinant or synthetic nucleic acid molecule research. 

Note:  The Laboratory Safety Monograph describes basic elements for developing specific procedures dealing 
with major spills of potentially hazardous materials in the laboratory, including information and references about 
decontamination and emergency plans.  The NIH and the CDC are available to provide consultation and direct 
assistance, if necessary, as posted in the Laboratory Safety Monograph.  The institution shall cooperate with the 
state and local public health departments by reporting any significant research-related illness or accident that 
may be hazardous to the public health. 

Section IV-B-2-b-(7).  Reporting any significant problems with or violations of the NIH Guidelines and any 
significant research-related accidents or illnesses to the appropriate institutional official and NIH OSP within 30 
days, unless the Institutional Biosafety Committee determines that a report has already been filed by the 
Principal Investigator.  Reports to NIH OSP shall be sent to the Office of Science Policy, National Institutes of 
Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact information is also available 
here and on the OSP website (www.osp.od.nih.gov). 

Section IV-B-2-b-(8).  The Institutional Biosafety Committee may not authorize initiation of experiments which 
are not explicitly covered by the NIH Guidelines until NIH (with the advice of the RAC when required) 
establishes the containment requirement. 

Section IV-B-2-b-(9).  Performing such other functions as may be delegated to the Institutional Biosafety 
Committee under Section IV-B-2, Institutional Biosafety Committee. 
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Section IV-B-3. Biological Safety Officer (BSO) 

Section IV-B-3-a.  The institution shall appoint a Biological Safety Officer if it engages in large-scale research or 
production activities involving viable organisms containing recombinant or synthetic nucleic acid molecules.  

Section IV-B-3-b.  The institution shall appoint a Biological Safety Officer if it engages in recombinant or 
synthetic nucleic acid molecule research at BL3 or BL4.  The Biological Safety Officer shall be a member of the 
Institutional Biosafety Committee. 

Section IV-B-3-c.  The Biological Safety Officer's duties include, but are not be limited to: 

Section IV-B-3-c-(1).  Periodic inspections to ensure that laboratory standards are rigorously followed; 

Section IV-B-3-c-(2).  Reporting to the Institutional Biosafety Committee and the institution any significant 
problems, violations of the NIH Guidelines, and any significant research-related accidents or illnesses of which 
the Biological Safety Officer becomes aware unless the Biological Safety Officer determines that a report has 
already been filed by the Principal Investigator; 

Section IV-B-3-c-(3).  Developing emergency plans for handling accidental spills and personnel contamination 
and investigating laboratory accidents involving recombinant or synthetic nucleic acid molecule research; 

Section IV-B-3-c-(4).  Providing advice on laboratory security; 

Section IV-B-3-c-(5).  Providing technical advice to Principal Investigators and the Institutional Biosafety 
Committee on research safety procedures. 

Note:  See the Laboratory Safety Monograph for additional information on the duties of the Biological Safety 
Officer. 

Section IV-B-4. Plant, Plant Pathogen, or Plant Pest Containment Expert 

When the institution conducts recombinant or synthetic nucleic acid molecule research that requires Institutional 
Biosafety Committee approval in accordance with Appendix P, Physical and Biological Containment for 
Recombinant or Synthetic Nucleic Acid Molecule Research Involving Plants, the institution shall appoint at least 
one individual with expertise in plant, plant pathogen, or plant pest containment principles (who is a member of 
the Institutional Biosafety Committee). 

Section IV-B-5. Animal Containment Expert 

When the institution conducts recombinant or synthetic nucleic acid molecule research that requires Institutional 
Biosafety Committee approval in accordance with Appendix Q, Physical and Biological Containment for 
Recombinant or Synthetic Nucleic Acid Molecule Research Involving Animals, the institution shall appoint at 
least one individual with expertise in animal containment principles (who is a member of the Institutional 
Biosafety Committee). 

Section IV-B-6. Human Gene Therapy Expertise 

When the institution participates in or sponsors recombinant or synthetic nucleic acid molecule research 
involving human subjects, the institution must ensure that:  (i) the Institutional Biosafety Committee has 
adequate expertise and training (using ad hoc consultants as deemed necessary) and (ii) all aspects of 
Appendix M, Points to Consider in the Design and Submission of Protocols for the Transfer of Recombinant or 
Synthetic Nucleic Acid Molecules into One or More Human Subjects (Points to Consider) , have been 
appropriately addressed by the Principal Investigator prior to its approval. 

Section IV-B-7. Principal Investigator (PI) 

On behalf of the institution, the Principal Investigator is responsible for full compliance with the NIH Guidelines in 
the conduct of recombinant or synthetic nucleic acid molecule research.  A Principal Investigator engaged in 
human gene transfer research may delegate to another party, such as a corporate sponsor, the reporting 
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functions set forth in Appendix M, with written notification to the NIH OSP of the delegation and of the name(s), 
address, telephone, and fax numbers of the contact.  The Principal Investigator is responsible for ensuring that 
the reporting requirements are fulfilled and will be held accountable for any reporting lapses. 

Section IV-B-7-a. General Responsibilities 

As part of this general responsibility, the Principal Investigator shall: 

Section IV-B-7-a-(1).  Initiate or modify no recombinant or synthetic nucleic acid molecule research which 
requires Institutional Biosafety Committee approval prior to initiation (see Sections III-A, III-B, III-C, III-D, and III-
E, Experiments Covered by the NIH Guidelines) until that research or the proposed modification thereof has 
been approved by the Institutional Biosafety Committee and has met all other requirements of the NIH 
Guidelines; 

Section IV-B-7-a-(2).  Determine whether experiments are covered by Section III-E, Experiments that Require 
Institutional Biosafety Committee Notice Simultaneous with Initiation, and ensure that the appropriate 
procedures are followed; 

Section IV-B-7-a-(3).  Report any significant problems, violations of the NIH Guidelines, or any significant 
research-related accidents and illnesses to the Biological Safety Officer (where applicable), Greenhouse/Animal 
Facility Director (where applicable), Institutional Biosafety Committee, NIH OSP, and other appropriate 
authorities (if applicable) within 30 days.  Reports to NIH OSP shall be sent to the Office of Science Policy, 
National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact information 
is also available here and on the OSP website (www.osp.od.nih.gov). 

Section IV-B-7-a-(4).  Report any new information bearing on the NIH Guidelines to the Institutional Biosafety 
Committee and to NIH OSP (reports to NIH OSP shall be sent to the Office of Science Policy, National Institutes 
of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact information is also available 
here and on the OSP website (www.osp.od.nih.gov). 

Section IV-B-7-a-(5).  Be adequately trained in good microbiological techniques; 

Section IV-B-7-a-(6).  Adhere to Institutional Biosafety Committee approved emergency plans for handling 
accidental spills and personnel contamination; and 

Section IV-B-7-a-(7).  Comply with shipping requirements for recombinant or synthetic nucleic acid molecules 
(see Appendix H, Shipment, for shipping requirements and the Laboratory Safety Monograph for technical 
recommendations). 

 Section IV-B-7-b. Information to Be Submitted by the Principal Investigator to NIH OSP 

The Principal Investigator shall: 

Section IV-B-7-b-(1).  Submit information to NIH OSP for certification of new host-vector systems; 

Section IV-B-7-b-(2).  Petition NIH OSP, with notice to the Institutional Biosafety Committee, for proposed 
exemptions to the NIH Guidelines; 

Section IV-B-7-b-(3).  Petition NIH OSP, with concurrence of the Institutional Biosafety Committee, for approval 
to conduct experiments specified in Sections III-A-1, Major Actions Under the NIH Guidelines, and III-B, 
Experiments that Require NIH OSP and Institutional Biosafety Committee Approval Before Initiation; 

Section IV-B-7-b-(4).  Petition NIH OSP for determination of containment for experiments requiring case-by-
case review; and 

Section IV-B-7-b-(5).  Petition NIH OSP for determination of containment for experiments not covered by the 
NIH Guidelines. 

Section IV-B-7-b-(6).  Ensure that all aspects of Appendix M have been appropriately addressed prior to 
submission.  No research participant shall be enrolled (see definition of enrollment in Section I-E-7) in a human 
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gene transfer experiment until the NIH protocol registration process has been completed (see Appendix M-I-B, 
Selection of Individual Protocols for Public RAC Review and Discussion); IBC approval (from the clinical trial 
site) has been obtained; Institutional Review Board (IRB) approval has been obtained; and all applicable 
regulatory authorization(s) have been obtained. 

For a clinical trial site that is added after the completion of the NIH protocol registration process, no research 
participant shall be enrolled (see definition of enrollment in Section I-E-7) at the clinical trial site until IBC 
approval and IRB approval from that site have been obtained.  Within 30 days of enrollment (see definition of 
enrollment in Section I-E-7) at a clinical trial site, the following documentation shall be submitted to NIH 
OSP:  (1) Institutional Biosafety Committee approval (from the clinical trial site); (2) Institutional Review Board 
approval; (3) Institutional Review Board-approved informed consent document(s); and (4) NIH grant number(s) if 
applicable. 

Section IV-B-7-c. Submissions by the Principal Investigator to the Institutional Biosafety Committee 

The Principal Investigator shall: 

Section IV-B-7-c-(1).  Make an initial determination of the required levels of physical and biological containment 
in accordance with the NIH Guidelines; 

Section IV-B-7-c-(2).  Select appropriate microbiological practices and laboratory techniques to be used for the 
research; 

Section IV-B-7-c-(3).  Submit the initial research protocol and any subsequent changes (e.g., changes in the 
source of DNA or host-vector system), if covered under Sections III-A, III-B, III-C, III-D, or III-E (Experiments 
Covered by the NIH Guidelines), to the Institutional Biosafety Committee for review and approval or disapproval; 
and 

Section IV-B-7-c-(4).  Remain in communication with the Institutional Biosafety Committee throughout the 
conduct of the project. 

Section IV-B-7-d. Responsibilities of the Principal Investigator Prior to Initiating Research 

The Principal Investigator shall: 

Section IV-B-7-d-(1).  Make available to all laboratory staff the protocols that describe the potential biohazards 
and the precautions to be taken; 

Section IV-B-7-d-(2).  Instruct and train laboratory staff in:  (i) the practices and techniques required to ensure 
safety, and (ii) the procedures for dealing with accidents; and 

Section IV-B-7-d-(3).  Inform the laboratory staff of the reasons and provisions for any precautionary medical 
practices advised or requested (e.g., vaccinations or serum collection). 

Section IV-B-7-e. Responsibilities of the Principal Investigator During the Conduct of the Research 

The Principal Investigator shall: 

Section IV-B-7-e-(1).  Supervise the safety performance of the laboratory staff to ensure that the required safety 
practices and techniques are employed; 

Section IV-B-7-e-(2).  Investigate and report any significant problems pertaining to the operation and 
implementation of containment practices and procedures in writing to the Biological Safety Officer (where 
applicable), Greenhouse/Animal Facility Director (where applicable), Institutional Biosafety Committee, NIH 
OSP, and other appropriate authorities (if applicable) (reports to NIH OSP shall be sent to the Office of Science 
Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact 
information is also available here and on the OSP website (www.osp.od.nih.gov). 

Section IV-B-7-e-(3).  Correct work errors and conditions that may result in the release of recombinant or 
synthetic nucleic acid molecule materials; and 
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Section IV-B-7-e-(4).  Ensure the integrity of the physical containment (e.g., biological safety cabinets) and the 
biological containment (e.g., purity and genotypic and phenotypic characteristics). 
 
Section IV-B-7-e-(5).  Comply with reporting requirements for human gene transfer experiments conducted in 
compliance with the NIH Guidelines (see Appendix M-I-C, Reporting Requirements). 
 
Section IV-C. Responsibilities of the National Institutes of Health (NIH) 
 
Section IV-C-1. NIH Director 
 
The NIH Director is responsible for:  (i) establishing the NIH Guidelines, (ii) overseeing their implementation, and 
(iii) their final interpretation.  The NIH Director has responsibilities under the NIH Guidelines that involve OSP 
and RAC.  OSP's responsibilities under the NIH Guidelines are administrative.  Advice from RAC is primarily 
scientific, technical, and ethical.  In certain circumstances, there is specific opportunity for public comment with 
published response prior to final action. 
 
Section IV-C-1-a. General Responsibilities 
 
The NIH Director is responsible for:  
 
Section IV-C-1-a-(1).  Promulgating requirements as necessary to implement the NIH Guidelines; 
 
Section IV-C-1-a-(2).  Establishing and maintaining RAC to carry out the responsibilities set forth in Section IV-
C-2, Recombinant DNA Advisory Committee (RAC membership is specified in its charter and in Section IV-C-2);  
 
Section IV-C-1-a-(3).  Establishing and maintaining NIH OSP to carry out the responsibilities defined in Section 
IV-C-3, Office of Science Policy; 
 
Section IV-C-1-a-(4).  Conducting and supporting training programs in laboratory safety for Institutional 
Biosafety Committee members, Biological Safety Officers and other institutional experts (if applicable), Principal 
Investigators, and laboratory staff. 
 
Section IV-C-1-a-(5).  Establishing and convening Gene Therapy Policy Conferences as described in Appendix 
L, Gene Therapy Policy Conferences. 
 
Section IV-C-1-b. Specific Responsibilities 
 
In carrying out the responsibilities set forth in this section, the NIH Director, or a designee shall weigh each 
proposed action through appropriate analysis and consultation to determine whether it complies with the NIH 
Guidelines and presents no significant risk to health or the environment. 
 
Section IV-C-1-b-(1). Major Actions  
 
To execute Major Actions, the NIH Director shall seek the advice of RAC and provide an opportunity for public 
and Federal agency comment.  Specifically, the Notice of Meeting and Proposed Actions shall be published in 
the Federal Register at least 15 days before the RAC meeting.  The NIH Director's decision/recommendation (at 
his/her discretion) may be published in the Federal Register for 15 days of comment before final action is taken.  
The NIH Director's final decision/recommendation, along with responses to public comments, shall be published 
in the Federal Register.  The RAC and Institutional Biosafety Committee Chairs shall be notified of the following 
decisions: 
 
Section IV-C-1-b-(1)-(a).  Changing containment levels for types of experiments that are specified in the NIH 
Guidelines when a Major Action is involved; 
 
Section IV-C-1-b-(1)-(b).  Assigning containment levels for types of experiments that are not explicitly 
considered in the NIH Guidelines when a Major Action is involved; 
 
Section IV-C-1-b-(1)-(c).  Promulgating and amending a list of classes of recombinant or synthetic nucleic acid 
molecules to be exempt from the NIH Guidelines because they consist entirely of DNA segments from species 
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that exchange DNA by known physiological processes or otherwise do not present a significant risk to health or 
the environment; 

Section IV-C-1-b-(1)-(d).  Permitting experiments specified by Section III-A, Experiments that Require 
Institutional Biosafety Committee Approval, RAC Review, and NIH Director Approval Before Initiation; 

Section IV-C-1-b-(1)-(e).  Certifying new host-vector systems with the exception of minor modifications of 
already certified systems (the standards and procedures for certification are described in Appendix I-II, 
Certification of Host-Vector Systems).  Minor modifications constitute (e.g., those of minimal or no consequence 
to the properties relevant to containment); and 

Section IV-C-1-b-(1)-(f).  Adopting other changes in the NIH Guidelines. 

Section IV-C-1-b-(2). Minor Actions 

NIH OSP shall carry out certain functions as delegated to it by the NIH Director (see Section IV-C-3, Office of 
Science Policy).  Minor Actions (as determined by NIH OSP in consultation with the RAC Chair and one or more 
RAC members, as necessary) will be transmitted to RAC and Institutional Biosafety Committee Chairs: 

Section IV-C-1-b-(2)-(a).  Changing containment levels for experiments that are specified in Section III, 
Experiments Covered by the NIH Guidelines (except when a Major Action is involved); 

Section IV-C-1-b-(2)-(b).  Assigning containment levels for experiments not explicitly considered in the NIH 
Guidelines; 

Section IV-C-1-b-(2)-(c).  Revising the Classification of Etiologic Agents for the purpose of these NIH 
Guidelines (see Section V-A, Footnotes and References of Sections I-IV). 

Section IV-C-1-b-(2)-(d).  Interpreting the NIH Guidelines for experiments to which the NIH Guidelines do not 
specifically assign containment levels; 

Section IV-C-1-b-(2)-(e).  Setting containment under Sections III-D-1-d, Experiments Using Risk Group 2, Risk 
Group 3, Risk Group 4, or Restricted Agents as Host-Vector Systems, and III-D-2-b, Experiments in which DNA 
from Risk Group 2, Risk Group 3, Risk Group 4, or Restricted Agents is Cloned into Nonpathogenic Prokaryotic 
or Lower Eukaryotic Host-Vector Systems; 

Section IV-C-1-b-(2)-(f).  Approving minor modifications of already certified host-vector systems (the standards 
and procedures for such modifications are described in Appendix I-II, Certification of Host-Vector Systems); 

Section IV-C-1-b-(2)-(g).  Decertifying already certified host-vector systems; 

Section IV-C-1-b-(2)-(h).  Adding new entries to the list of molecules toxic for vertebrates (see Appendix F, 
Containment Conditions for Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates); 
and 

Section IV-C-1-b-(2)-(i).  Determining appropriate containment conditions for experiments according to case 
precedents developed under Section IV-C-1-b-(2)-(c). 

Section IV-C-2. Recombinant DNA Advisory Committee (RAC) 

The RAC is responsible for carrying out the functions specified in the NIH Guidelines, as well as others specified 
in its charter or assigned by the Secretary of Health and Human Services or the NIH Director.  The RAC 
membership and procedures, in addition to those set forth in the NIH Guidelines, are specified in the charter for 
the RAC which is filed as provided in the General Services Administration Federal Advisory Committee 
Management regulations, 41 CFR part 101-6, and is available on the OSP web site, 
http://www.osp.od.nih.gov/sites/default/files/resources/RAC_2015-2017_Charter_Updated.pdf.  In the event of a 
conflict between the NIH Guidelines and the charter, the charter shall control.  

The RAC will consist of not less than 15 voting members, including the Chair, appointed under the procedures 
of the NIH and the Department of Health and Human Services.  The maximum number of voting members will 
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be established in the charter of the RAC.  At least a majority of the voting members must be knowledgeable in 
relevant scientific fields, e.g., molecular genetics, molecular biology, recombinant or synthetic nucleic acid 
molecule research, including clinical gene transfer research.  At least 4 members of the RAC must be 
knowledgeable in fields such as public health, laboratory safety, occupational health, protection of human 
subjects of research, the environment, ethics, law, public attitudes or related fields.  Representatives of the 
Federal agencies listed in the charter shall serve as non-voting members.  Nominations for RAC members may 
be submitted to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov). 

All meetings of the RAC shall be announced in the Federal Register, including tentative agenda items, 15 days 
before the meeting.  Final agendas, if modified, shall be available at least 72 hours before the meeting.  No item 
defined as a Major Action under Section IV-C-1-b-(1) may be added to an agenda following Federal Register 
publication. 

RAC shall be responsible for: 

Section IV-C-2-a.  Advising the NIH Director on the following actions:  (1) Adopting changes in the NIH 
Guidelines.  (2) Assigning containment levels, changing containment levels, and approving experiments 
considered as Major Actions under the NIH Guidelines, i.e., the deliberate transfer of a drug resistance trait to 
microorganisms that are not known to acquire the trait naturally, if such acquisition could compromise the use of 
the drug to control disease agents in humans, veterinary medicine, or agriculture.  (3) Promulgating and 
amending lists of classes of recombinant or synthetic nucleic acid molecules to be exempt from the NIH 
Guidelines because they consist entirely of DNA segments from species that exchange DNA by known 
physiological processes or otherwise do not present a significant risk to health or the environment.  (4) Certifying 
new host-vector systems. 

Section IV-C-2-b.  Transmitting to the NIH Director specific comments/ recommendations about:  (i) a specific 
human gene transfer experiment, or (ii) a category of human gene transfer experiments; 

Section IV-C-2-c.  Publicly reviewing human gene transfer clinical trial data and relevant information evaluated 
and summarized by NIH OSP in accordance with the annual data reporting requirements; 

Section IV-C-2-d.  Identifying broad scientific, safety, social, and ethical issues relevant to gene therapy 
research as potential Gene Therapy Policy Conference topics; 

Section IV-C-2-e. Identifying novel social and ethical issues relevant to human applications of gene transfer and 
recommending appropriate guidance in the preparation of Informed Consent documents; and 

Section IV-C-2-f.  Identifying novel scientific and safety issues relevant to human applications of gene transfer 
and recommending appropriate guidance in the design of human gene transfer clinical trials. 

Section IV-C-3. Office of Science Policy (OSP) 

OSP shall serve as a focal point for information on recombinant or synthetic nucleic acid molecule activities and 
provide advice to all within and outside NIH including institutions, Biological Safety Officers, Principal 
Investigators, Federal agencies, state and local governments, and institutions in the private sector.  OSP shall 
carry out such other functions as may be delegated to it by the NIH Director.  OSP's responsibilities include (but 
are not limited to) the following: 

Section IV-C-3-a.  Serving as the focal point for public access to summary information pertaining to human 
gene transfer experiments; 

Section IV-C-3-b.  Serving as the focal point for data management of human gene transfer experiments; 

Section IV-C-3-c.  Administering the annual data reporting requirements (and subsequent review) for human 
gene transfer experiments (see Appendix M-I-C, Reporting Requirements); 

Section IV-C-3-d.  Transmitting comments/recommendations arising from public RAC discussion of a novel 
human gene transfer experiment to the NIH Director.  RAC recommendations shall be forwarded to the Principal 
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Investigator, the sponsoring institution, and other DHHS components, as appropriate. 
 
Section IV-C-3-e.  Collaborating with Principal Investigators, Institutional Biosafety Committees, Institutional 
Review Boards, and other DHHS components (including FDA and the Office for Human Research Protections), 
to ensure human gene transfer experiment registration compliance in accordance with Appendix M-I, 
Requirements for Protocol Submission, Review, and Reporting-Human Gene Transfer Experiments of the NIH 
Guidelines. 
 
Section IV-C-3-f.  Administering Gene Therapy Policy Conferences as deemed appropriate by the NIH Director 
(see Appendix L, Gene Therapy Policy Conferences). 
 
Section IV-C-3-g.  Reviewing and approving experiments in conjunction with ad hoc experts involving the 
cloning of genes encoding for toxin molecules that are lethal for vertebrates at an LD50 of less than or equal to 
100 nanograms per kilogram body weight in organisms other than Escherichia coli K-12 (see Section III-B-1, 
Experiments Involving the Cloning of Toxin Molecules with LD50 of Less than 100 Nanograms Per Kilogram 
Body Weight, Appendix F, Containment Conditions for Cloning of Genes Coding for the Biosynthesis of 
Molecules Toxic for Vertebrates); 
 
Section IV-C-3-h.  Serving as the executive secretary of RAC; 
 
Section IV-C-3-i.  Publishing in the Federal Register: 
 
Section IV-C-3-i-(1).  Announcements of RAC meetings and tentative agendas at least 15 days in advance 
(Note:  If the agenda for a RAC meeting is modified, OSP shall make the revised agenda available to anyone 
upon request in advance of the meeting); 
 
Section IV-C-3-i-(2).  Announcements of Gene Therapy Policy Conferences and tentative agendas at least 15 
days in advance; 
 
Section IV-C-3-i-(3).  Proposed Major Actions (see Section IV-C-1-b-(1), Major Actions) at least 15 days prior to 
the RAC meeting; and 
 
Section IV-C-3-j.  Reviewing and approving the membership of an institution's Institutional Biosafety 
Committee, and where it finds the Institutional Biosafety Committee meets the requirements set forth in Section 
IV-B-2, Institutional Biosafety Committee (IBC), giving its approval to the Institutional Biosafety Committee 
membership. 
 
Section IV-C-4. Other NIH Components  
 
Other NIH components shall be responsible for certifying maximum containment (BL4) facilities, inspecting them 
periodically, and inspecting other recombinant or synthetic nucleic acid molecule facilities as deemed 
necessary. 
 
Section IV-D. Voluntary Compliance 
 
Section IV-D-1. Basic Policy - Voluntary Compliance 
 
Individuals, corporations, and institutions not otherwise covered by the NIH Guidelines are encouraged to follow 
the standards and procedures set forth in Sections I through IV.  In order to simplify discussion, references 
hereafter to “institutions” are intended to encompass corporations and individuals who have no organizational 
affiliation.  For purposes of complying with the NIH Guidelines, an individual intending to carry out research 
involving recombinant or synthetic nucleic acid molecules is encouraged to affiliate with an institution that has an 
Institutional Biosafety Committee approved under the NIH Guidelines. 
 
Since commercial organizations have special concerns, such as protection of proprietary data, some 
modifications and explanations of the procedures are provided in Sections IV-D-2 through IV-D-5-b, Voluntary 
Compliance, in order to address these concerns. 
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Section IV-D-2. Institutional Biosafety Committee Approval - Voluntary Compliance 

It should be emphasized that employment of an Institutional Biosafety Committee member solely for purposes of 
membership on the Institutional Biosafety Committee does not itself make the member an institutionally affiliated 
member.  Except for the unaffiliated members, a member of an Institutional Biosafety Committee for an 
institution not otherwise covered by the NIH Guidelines may participate in the review and approval of a project in 
which the member has a direct financial interest so long as the member has not been, and does not expect to 
be, engaged in the project.  Section IV-B-2-a-(4), Institutional Biosafety Committee, is modified to that extent for 
purposes of these institutions. 

Section IV-D-3. Certification of Host-Vector Systems - Voluntary Compliance 

A host-vector system may be proposed for certification by the NIH Director in accordance with the procedures 
set forth in Appendix I-II, Certification of Host-Vector Systems.  In order to ensure protection for proprietary data, 
any public notice regarding a host-vector system which is designated by the institution as proprietary under 
Section IV-D, Voluntary Compliance, will be issued only after consultation with the institution as to the content of 
the notice. 

Section IV-D-4. Requests for Exemptions and Approvals - Voluntary Compliance 

Requests for exemptions or other approvals as required by the NIH Guidelines should be submitted based on 
the procedures set forth in Sections I through IV.  In order to ensure protection for proprietary data, any public 
notice regarding a request for an exemption or other approval which is designated by the institution as 
proprietary under Section IV-D-5-a, Voluntary Compliance, will be issued only after consultation with the 
institution as to the content of the notice. 

Section IV-D-5. Protection of Proprietary Data - Voluntary Compliance 

Section IV-D-5-a. General 

In general, the Freedom of Information Act requires Federal agencies to make their records available to the 
public upon request.  However, this requirement does not apply to, among other things, “trade secrets and 
commercial or financial information that is obtained from a person and that is privileged or confidential.”  Under 
18 U.S.C. 1905, it is a criminal offense for an officer or employee of the U.S. or any Federal department or 
agency to publish, divulge, disclose, or make known “in any manner or to any extent not authorized by law any 
information coming to him in the course of his employment or official duties or by reason of any examination or 
investigation made by, or return, report or record made to or filed with, such department or agency or officer or 
employee thereof, which information concerns or relates to the trade secrets, (or) processes...of any person, 
firm, partnership, corporation, or association.”  This provision applies to all employees of the Federal 
Government, including special Government employees.  Members of RAC are “special Government 
employees.” 

In submitting to NIH for purposes of voluntary compliance with the NIH Guidelines, an institution may designate 
those items of information which the institution believes constitute trade secrets, privileged, confidential, 
commercial, or financial information.  If NIH receives a request under the Freedom of Information Act for 
information so designated, NIH will promptly contact the institution to secure its views as to whether the 
information (or some portion) should be released.  If NIH decides to release this information (or some portion) in 
response to a Freedom of Information request or otherwise, the institution will be advised and the actual release 
will be delayed in accordance with 45 Code of Federal Regulations, Section 5.65(d) and (e). 

Section IV-D-5-b. Pre-submission Review 

Any institution not otherwise covered by the NIH Guidelines, which is considering submission of data or 
information voluntarily to NIH, may request pre-submission review of the records involved to determine if NIH 
will make all or part of the records available upon request under the Freedom of Information Act. 

A request for pre-submission review should be submitted to NIH OSP along with the records involved to the Office 
of Science Policy, National Institutes of Health, preferably by e-mail to: HGTprotocols@mail.nih.gov; additional 
contact information is also available here and on the OSP website (www.osp.od.nih.gov).  These records 
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shall be clearly marked as being the property of the institution on loan to NIH solely for the purpose of making a 
determination under the Freedom of Information Act.  NIH OSP will seek a determination from the responsible 
official under DHHS regulations (45 CFR Part 5) as to whether the records involved, (or some portion) will be 
made available to members of the public under the Freedom of Information Act.  Pending such a determination, 
the records will be kept separate from NIH OSP files, will be considered records of the institution and not NIH 
OSP, and will not be received as part of NIH OSP files.  No copies will be made of such records. 
 
NIH OSP will inform the institution of the NIH Freedom of Information Officer's determination and follow the 
institution's instructions as to whether some or all of the records involved are to be returned to the institution or 
to become a part of NIH OSP files.  If the institution instructs NIH OSP to return the records, no copies or 
summaries of the records will be made or retained by DHHS, NIH, or OSP.  The NIH Freedom of Information 
Officer's determination will represent that official's judgment at the time of the determination as to whether the 
records involved (or some portion) would be exempt from disclosure under the Freedom of Information Act if at 
the time of the determination the records were in NIH OSP files and a request was received for such files under 
the Freedom of Information Act. 
 
*********************************************************************************************************************** 
 
SECTION V. FOOTNOTES AND REFERENCES OF SECTIONS I THROUGH IV 
 
Section V-A.  The NIH Director, with advice of the RAC, may revise the classification for the purposes of the 
NIH Guidelines (see Section IV-C-1-b-(2)-(e), Minor Actions).  The revised list of organisms in each Risk Group 
is reprinted in Appendix B, Classification of Human Etiologic Agents on the Basis of Hazard. 
 
Section V-B.  Section III, Experiments Covered by the NIH Guidelines, describes a number of places where 
judgments are to be made.  In all these cases, the Principal Investigator shall make the judgment on these 
matters as part of his/her responsibility to "make the initial determination of the required levels of physical and 
biological containment in accordance with the NIH Guidelines" (see Section IV-B-7-c-(1)).  For cases falling 
under Sections III-A through III-E, Experiments Covered by the NIH Guidelines, this judgment is to be reviewed 
and approved by the Institutional Biosafety Committee as part of its responsibility to make an "independent 
assessment of the containment levels required by the NIH Guidelines for the proposed research" (see Section 
IV-B-2-b-(1), Institutional Biosafety Committee).  The Institutional Biosafety Committee may refer specific cases 
to NIH OSP as part of NIH OSP's functions to "provide advice to all within and outside NIH" (see Section IV-C-
3).  NIH OSP may request advice from the RAC as part of the RAC's responsibility for "interpreting the NIH 
Guidelines for experiments to which the NIH Guidelines do not specifically assign containment levels" (see 
Section IV-C-1-b-(2)-(f), Minor Actions). 
 
Section V-C.  U.S. Department of Health and Human Services, Public Health Service, Centers for Disease 
Control and Prevention and the National Institutes of Health.  Biosafety in Microbiological and Biomedical 
Laboratories, 5th Edition, 2007.  Copies are available from:  Superintendent of Documents, U.S. Government 
Printing Office, Washington, D.C. 20401-0001, Phone (202) 512-1800 [http://www.gpo.gov/]. 
 
Section V-D.  Classification of Etiologic Agents on the Basis of Hazard, 4th Edition, July 1974, U.S. Department 
of Health, Education, and Welfare, Public Health Service, Centers for Disease Control, Office of Biosafety, 
Atlanta, Georgia 30333. 
 
Section V-E.  Chin, James ed., Control of Communicable Diseases Manual, 17th Edition, 2000.  ISBN:  
087553-242-X, American Public Health Association, 800 I Street, N.W., Washington, D.C. Phone:  (202) 777-
2742.  
 
Section V-F.  World Health Organization Laboratory Biosafety Manual, 2nd edition.  1993.  WHO Albany, NY.  
Copies are available from:  WHO Publication Centre, USA, (Q Corp) 49 Sheridan Avenue, Albany, New York 
12210; Phone:  (518) 436-9686 (Order # 1152213). 
 
Section V-G.  A U.S. Department of Agriculture permit, required for import and interstate transport of plant and 
animal pathogens, may be obtained from the U.S. Department of Agriculture, ATTN:  Animal and Plant Health 
Inspection Service (APHIS), Veterinary Services, National Center for Import-Export, Products Program, 4700 
River Road, Unit 40, Riverdale, Maryland 20737.  Phone:  (301) 734-8499; Fax:  (301) 734-8226. 
 
Section V-H.  American Type Culture Collection Catalogues of plant viruses, animal viruses, cells, bacteria, 
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fungi, etc. are available from American Type Culture Collection, 10801 University Boulevard, Manassas, VA 
20110-2209.  Phone:  (703) 365-2700. 

Section V-I.  U.S. Department of Labor, Occupational Safety and Health Administration, 29 CFR 1910.1030, 
Bloodborne Pathogens.  See also, Exposure to Bloodborne Pathogens, OSHA 3127, 1996 (Revised). 

Section V-J.  As classified in the Virus Taxonomy:  The Classification and Nomenclature of Viruses. The 
Seventh Report of the International Committee on Taxonomy of Viruses, Academic Press, 2000 (0123702003) 
San Diego, CA. 

Section V-K.  i.e., the total of all genomes within a family shall not exceed two-thirds of the genome. 

Section V-L.  Organisms including alastrim, smallpox (variola) and whitepox may not be studied in the United 
States except at specified facilities.  All activities, including storage of variola and whitepox, are restricted to the 
single national facility (World Health Organization Collaborating Center for Smallpox Research, Centers for 
Disease Control and Prevention, Atlanta, Georgia). 

Section V-M.  In accordance with accepted scientific and regulatory practices of the discipline of plant 
pathology, an exotic plant pathogen (e.g., virus, bacteria, or fungus) is one that is unknown to occur within the 
U.S. (see Section V-G, Footnotes and References of Sections I-IV).  Determination of whether a pathogen has a 
potential for serious detrimental impact on managed (agricultural, forest, grassland) or natural ecosystems 
should be made by the Principal Investigator and the Institutional Biosafety Committee, in consultation with 
scientists knowledgeable of plant diseases, crops, and ecosystems in the geographic area of the research. 

*********************************************************************************************************************** 

APPENDIX A. EXEMPTIONS UNDER SECTION III-F-6--SUBLISTS OF NATURAL EXCHANGERS 

Certain specified recombinant or synthetic nucleic acid molecules that consist entirely of DNA segments from 
different species that exchange DNA by known physiological processes, though one or more of the segments 
may be a synthetic equivalent are exempt from these NIH Guidelines (see Section III-F-6, Exempt Experiments). 
Institutional Biosafety Committee registration is not required for these exempt experiments.  A list of such 
exchangers will be prepared and periodically revised by the NIH Director with advice from the RAC after 
appropriate notice and opportunity for public comment (see Section IV-C-1-b-(1)-(c), NIH Director--Specific 
Responsibilities).  For a list of natural exchangers that are exempt from the NIH Guidelines, see Appendices A-I 
through A-VI, Exemptions under Section III-F-6 Sublists of Natural Exchangers.  Section III-F-6, Exempt 
Experiments, describes recombinant or synthetic nucleic acid molecules that are:  (1) composed entirely of DNA 
segments from one or more of the organisms within a sublist, and (2) to be propagated in any of the organisms 
within a sublist (see Classification of Bergey's Manual of Determinative Bacteriology; 8th edition, R. E. 
Buchanan and N. E. Gibbons, editors, Williams and Wilkins Company; Baltimore, Maryland 1984).  Although 
these experiments are exempt, it is recommended that they be performed at the appropriate biosafety level for 
the host or recombinant/synthetic organism (see Biosafety in Microbiological and Biomedical Laboratories, 5th 
edition, 2007, U.S. DHHS, Public Health Service, Centers for Disease Control and Prevention, Atlanta, Georgia, 
and NIH Office of Biosafety, Bethesda, Maryland). 

Appendix A-I. Sublist A 

Genus Escherichia 
Genus Shigella   
Genus Salmonella - including Arizona 
Genus Enterobacter 
Genus Citrobacter - including Levinea 
Genus Klebsiella - including oxytoca 
Genus Erwinia 
Pseudomonas aeruginosa, Pseudomonas putida, Pseudomonas fluorescens, and Pseudomonas mendocina 
Serratia marcescens 
Yersinia enterocolitica 
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Appendix A-II. Sublist B 

Bacillus subtilis 
Bacillus licheniformis 
Bacillus pumilus 
Bacillus globigii 
Bacillus niger 
Bacillus nato 
Bacillus amyloliquefaciens 
Bacillus aterrimus 

Appendix A-III. Sublist C 

Streptomyces aureofaciens 
Streptomyces rimosus 
Streptomyces coelicolor 

Appendix A-IV. Sublist D 

Streptomyces griseus 
Streptomyces cyaneus 
Streptomyces venezuelae 

Appendix A-V. Sublist E 

One way transfer of Streptococcus mutans or Streptococcus lactis DNA into Streptococcus sanguis 

Appendix A-VI. Sublist F 

Streptococcus sanguis 
Streptococcus pneumoniae 
Streptococcus faecalis 
Streptococcus pyogenes 
Streptococcus mutans 

*********************************************************************************************************************** 

APPENDIX B. CLASSIFICATION OF HUMAN ETIOLOGIC AGENTS ON THE BASIS OF HAZARD 

This appendix includes those biological agents known to infect humans as well as selected animal agents that 
may pose theoretical risks if inoculated into humans.  Included are lists of representative genera and species 
known to be pathogenic; mutated, recombined, and non-pathogenic species and strains are not considered.  
Non-infectious life cycle stages of parasites are excluded. 

This appendix reflects the current state of knowledge and should be considered a resource document.  Included 
are the more commonly encountered agents and is not meant to be all-inclusive.  Information on agent risk 
assessment may be found in the Agent Summary Statements of the CDC/NIH publication, Biosafety in 
Microbiological and Biomedical Laboratories (see Sections V-C, V-D, V-E, and V-F, Footnotes and References 
of Sections I through IV.  Further guidance on agents not listed in Appendix B may be obtained through:  
Centers for Disease Control and Prevention, Biosafety Branch, Atlanta, Georgia 30333, Phone:  (404) 639-
3883, Fax:  (404) 639-2294; National Institutes of Health, Division of Safety, Bethesda, Maryland 20892, Phone: 
(301) 496-1357; Biosafety Manager, National Animal Disease Center, U.S. Department of Agriculture - ARS, 
Ames, Iowa 50010, Phone:  (515) 337-7772. 

A special committee of the American Society for Microbiology will conduct an annual review of this appendix and 
its recommendation for changes will be presented to the Recombinant DNA Advisory Committee as proposed 
amendments to the NIH Guidelines. 
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Appendix B - Table 1. Basis for the Classification of Biohazardous Agents by Risk Group (RG) 
 

Risk Group 1 (RG1) Agents that are not associated with disease in healthy adult humans  

Risk Group 2 (RG2) Agents that are associated with human disease which is rarely serious and for 
which preventive or therapeutic interventions are often available 

Risk Group 3 (RG3) Agents that are associated with serious or lethal human disease for which 
preventive or therapeutic interventions may be available (high individual risk but 
low community risk) 

Risk Group 4 (RG4) Agents that are likely to cause serious or lethal human disease for which 
preventive or therapeutic interventions are not usually available (high individual 
risk and high community risk) 

 
Appendix B-I. Risk Group 1 (RG1) Agents 
 
RG1 agents are not associated with disease in healthy adult humans.  Examples of RG1 agents include 
asporogenic Bacillus subtilis or Bacillus licheniformis (see Appendix C-IV-A, Bacillus subtilis or Bacillus 
licheniformis Host-Vector Systems, Exceptions); adeno- associated virus (AAV – all serotypes); and 
recombinant or synthetic AAV constructs, in which the transgene does not encode either a potentially 
tumorigenic gene product or a toxin molecule and are produced in the absence of a helper virus.  A strain of 
Escherichia coli (see Appendix C-II-A, Escherichia coli K-12 Host Vector Systems, Exceptions) is an RG1 agent 
if it (1) does not possess a complete lipopolysaccharide (i.e., lacks the O antigen); and (2) does not carry any 
active virulence factor (e.g., toxins) or colonization factors and does not carry any genes encoding these factors. 
 
Those agents not listed in Risk Groups (RGs) 2, 3 and 4 are not automatically or implicitly classified in RG1; a 
risk assessment must be conducted based on the known and potential properties of the agents and their 
relationship to agents that are listed. 
 
Appendix B-II. Risk Group 2 (RG2) Agents 
 
RG2 agents are associated with human disease which is rarely serious and for which preventive or therapeutic 
interventions are often available. 
 
Appendix B-II-A. Risk Group 2 (RG2) - Bacterial Agents Including Chlamydia 
 
--Acinetobacter baumannii (formerly Acinetobacter calcoaceticus) 
--Actinobacillus 
--Actinomyces pyogenes (formerly Corynebacterium pyogenes) 
--Aeromonas hydrophila 
--Amycolata autotrophica 
--Archanobacterium haemolyticum (formerly Corynebacterium haemolyticum) 
--Arizona hinshawii - all serotypes 
--Bacillus anthracis  
--Bartonella henselae, B. quintana, B. vinsonii 
--Bordetella including B. pertussis   
--Borrelia recurrentis, B. burgdorferi 
--Burkholderia (formerly Pseudomonas species) except those listed in Appendix B-III-A (RG3)) 
--Campylobacter coli, C. fetus, C. jejuni 
--Chlamydia psittaci, C. trachomatis, C. pneumoniae  
--Clostridium botulinum, C. chauvoei, C. haemolyticum, C. histolyticum, C. novyi, C. septicum, C. tetani 
--Coxiella burnetii – specifically the Phase II, Nine Mile strain, plaque purified, clone 4 
--Corynebacterium diphtheriae, C. pseudotuberculosis, C. renale 
--Dermatophilus congolensis 
--Edwardsiella tarda 
--Erysipelothrix rhusiopathiae 
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--Escherichia coli - all enteropathogenic, enterotoxigenic, enteroinvasive and strains bearing K1 antigen, 
including E. coli O157:H7 

--*Francisella tularensis specifically *F. tularensis subspecies novicida [aka F. novicida], strain Utah 112; 
*F. tularensis subspecies holarctica LVS; *F. tularensis biovar tularensis strain ATCC 6223 (aka strain B38) 

   *For research involving high concentrations, BL3 practices should be considered (see Appendix G-II-C-2. 
Special Practices (BL3)).  

--Haemophilus ducreyi, H. influenzae 
--Helicobacter pylori 
--Klebsiella - all species except K. oxytoca (RG1) 
--Legionella including L. pneumophila  
--Leptospira interrogans - all serotypes 
--Listeria 
--Moraxella  
--Mycobacterium (except those listed in Appendix B-III-A (RG3)) including M. avium complex, M. asiaticum, M. 

bovis BCG vaccine strain, M. chelonae, M. fortuitum, M. kansasii, M. leprae, M. malmoense, M. marinum, M. 
paratuberculosis, M. scrofulaceum, M. simiae, M. szulgai, M. ulcerans, M. xenopi 

--Mycoplasma, except M. mycoides and M. agalactiae which are restricted animal pathogens  
--Neisseria gonorrhoeae, N. meningitidis  
--Nocardia asteroides, N. brasiliensis, N. otitidiscaviarum, N. transvalensis 
--Pseudomonas aeruginosa 
--Rhodococcus equi 
--Salmonella including S. arizonae, S. choleraesuis, S. enteritidis, S. gallinarum-pullorum, S. meleagridis, S. 

paratyphi, A, B, C, S. typhi, S. typhimurium  
--Shigella including S. boydii, S. dysenteriae, type 1, S. flexneri, S. sonnei 
--Sphaerophorus necrophorus 
--Staphylococcus aureus 
--Streptobacillus moniliformis 
 
--Streptococcus including S. pneumoniae, S. pyogenes 
--Treponema pallidum, T. carateum 
--Vibrio cholerae, V. parahaemolyticus, V. vulnificus 
--Yersinia enterocolitica 
--Yersinia pestis specifically pgm(–) strains (lacking the 102 kb pigmentation locus) and lcr(–) strains (lacking the 

LCR plasmid) 
 
Appendix B-II-B. Risk Group 2 (RG2) - Fungal Agents 
 
--Blastomyces dermatitidis 
--Cladosporium bantianum, C. (Xylohypha) trichoides  
--Cryptococcus neoformans  
--Dactylaria galopava (Ochroconis gallopavum) 
--Epidermophyton 
--Exophiala (Wangiella) dermatitidis  
--Fonsecaea pedrosoi 
--Microsporum 
--Paracoccidioides braziliensis 
--Penicillium marneffei 
--Sporothrix schenckii 
--Trichophyton 
 
Appendix B-II-C. Risk Group 2 (RG2) - Parasitic Agents 
 
--Ancylostoma human hookworms including A. duodenale, A. ceylanicum 
--Ascaris including Ascaris lumbricoides suum 
--Babesia including B. divergens, B. microti 
--Brugia filaria worms including B. malayi, B. timori  
--Coccidia 
--Cryptosporidium including C. parvum 
--Cysticercus cellulosae (hydatid cyst, larva of T. solium) 
--Echinococcus including E. granulosis, E. multilocularis, E. vogeli 
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--Entamoeba histolytica 
--Enterobius 
--Fasciola including F. gigantica, F. hepatica 
--Giardia including G. lamblia 
--Heterophyes 
--Hymenolepis including H. diminuta, H. nana 
--Isospora 
--Leishmania including L. braziliensis, L. donovani, L. ethiopia, L. major, L. mexicana, L. peruviana, L. tropica 
--Loa loa filaria worms 
--Microsporidium 
--Naegleria fowleri 
--Necator human hookworms including N. americanus  
--Onchocerca filaria worms including, O. volvulus 
--Plasmodium including simian species, P. cynomolgi, P. falciparum, P. malariae, P. ovale, P. vivax 
--Sarcocystis including S. sui hominis 
--Schistosoma including S. haematobium, S. intercalatum, S. japonicum, S. mansoni, S. mekongi 
--Strongyloides including S. stercoralis 
--Taenia solium 
--Toxocara including T. canis  
--Toxoplasma including T. gondii 
--Trichinella spiralis 
--Trypanosoma including T. brucei brucei, T. brucei gambiense, T. brucei rhodesiense, T. cruzi 
--Wuchereria bancrofti filaria worms 
 
Appendix B-II-D. Risk Group 2 (RG2) - Viruses 
 
Adenoviruses, human - all types 
 
Alphaviruses (Togaviruses) - Group A Arboviruses  
--Chikungunya vaccine strain 181/25 
--Eastern equine encephalomyelitis virus 
--Venezuelan equine encephalomyelitis vaccine strains TC-83 and V3526 
--Western equine encephalomyelitis virus 
 
Arenaviruses 
--Junin virus candid #1 vaccine strain 
--Lymphocytic choriomeningitis virus (non-neurotropic strains)  
--Tacaribe virus complex 
--Other viruses as listed in the reference source (see Section V-C, Footnotes and References of Sections I 

through IV) 
 
Bunyaviruses  
--Bunyamwera virus 
--Rift Valley fever virus vaccine strain MP-12 
--Other viruses as listed in the reference source (see Section V-C, Footnotes and References of Sections I 

through IV) 
 
Caliciviruses 
 
Coronaviruses 
 
Flaviviruses - Group B Arboviruses 
--Dengue virus serotypes 1, 2, 3, and 4 
--Japanese encephalitis virus strain SA 14-14-2 
--Yellow fever virus vaccine strain 17D 
--Other viruses as listed in the reference source (see Section V-C, Footnotes and References of Sections I 

through IV) 
 
Hepatitis A, B, C, D, and E viruses 
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Herpesviruses - except Herpesvirus simiae (Monkey B virus) (see Appendix B-IV-D, Risk Group 4 (RG4) - Viral 
Agents) 
--Cytomegalovirus 
--Epstein Barr virus 
--Herpes simplex types 1 and 2 
--Herpes zoster  
--Human herpesvirus types 6 and 7 

Orthomyxoviruses 
--Influenza viruses types A, B, and C (except those listed in Appendix B-III-D, Risk Group 3 (RG3) - Viruses and 

Prions) 
--Tick-borne orthomyxoviruses 

Papilloma viruses 
--All human papilloma viruses 

Paramyxoviruses 
--Newcastle disease virus 
--Measles virus 
--Mumps virus 
--Parainfluenza viruses types 1, 2, 3, and 4 
--Respiratory syncytial virus 

Parvoviruses 
--Human parvovirus (B19) 

Picornaviruses 
--Coxsackie viruses types A and B 
--Echoviruses - all types  
--Polioviruses - all types, wild and attenuated 
--Rhinoviruses - all types 

Poxviruses - all types except Monkeypox virus (see Appendix B-III-D, Risk Group 3 (RG3) - Viruses and Prions) 
and restricted poxviruses including Alastrim, Smallpox, and Whitepox (see Section V-L, Footnotes and 
References of Sections I through IV) 

Reoviruses - all types including Coltivirus, human Rotavirus, and Orbivirus (Colorado tick fever virus) 

Rhabdoviruses 
--Rabies virus - all strains 
--Vesicular stomatitis virus non exotic strains: VSV-Indiana 1 serotype strains (e.g. Glasgow, Mudd-Summers, 
Orsay, San Juan) and VSV-New Jersey serotype strains (e.g. Ogden, Hazelhurst) 

Rubivirus (Togaviruses) 
--Rubella virus 

Appendix B-III. Risk Group 3 (RG3) Agents 

RG3 agents are associated with serious or lethal human disease for which preventive or therapeutic 
interventions may be available. 

Appendix B-III-A. Risk Group 3 (RG3) - Bacterial Agents Including Rickettsia 

--Bartonella 
--Brucella including B. abortus, B. canis, B. suis 
--Burkholderia (Pseudomonas) mallei, B. pseudomallei 
--Coxiella burnetii (except the Phase II, Nine Mile strain listed in Appendix B-II-A, Risk Group 2 (RG2) - Bacterial 

Agents Including Chlamydia) 
--Francisella tularensis (except those strains listed in Appendix B-II-A, Risk Group 2 (RG2) - Bacterial Agents 
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Including Chlamydia) 
--Mycobacterium bovis (except BCG strain, see Appendix B-II-A, Risk Group 2 (RG2) - Bacterial Agents 

Including Chlamydia), M. tuberculosis 
--Orientia tsutsugamushi (was R. tsutsugamushi) 
--Pasteurella multocida type B -"buffalo" and other virulent strains 
--Rickettsia akari, R. australis, R. canada, R. conorii, R. prowazekii, R. rickettsii, R, siberica, R. typhi (R. 

mooseri) 
--Yersinia pestis (except those strains listed in Appendix B-II-A, Risk Group 2 (RG2) - Bacterial Agents Including 

Chlamydia) 

Appendix B-III-B. Risk Group 3 (RG3) - Fungal Agents 

--Coccidioides immitis (sporulating cultures; contaminated soil) 
--Histoplasma capsulatum, H. capsulatum var. duboisii 

Appendix B-III-C. Risk Group 3 (RG3) - Parasitic Agents 

None 

Appendix B-III-D. Risk Group 3 (RG3) - Viruses and Prions 

Alphaviruses (Togaviruses) - Group A Arboviruses  
--Chikungunya virus (except the vaccine strain 181/25 listed in Appendix B-II-D Risk Group2 (RG2) – Viruses) 
--Semliki Forest virus 
--St. Louis encephalitis virus 
--Venezuelan equine encephalomyelitis virus (except the vaccine strains TC-83 and V3526, see Appendix B-II-D 

(RG2) – Viruses) 
--Other viruses as listed in the reference source (see Section V-C, Footnotes and References of Sections I 

through IV) 

Arenaviruses  
--Flexal 
--Lymphocytic choriomeningitis virus (LCM) (neurotropic strains) 

Bunyaviruses 
--Hantaviruses including Hantaan virus 
--Rift Valley fever virus 

Coronaviruses 
--SARS-associated coronavirus (SARS-CoV) 
--Middle East respiratory syndrome coronavirus (MERS-CoV) 

Flaviviruses - Group B Arboviruses 
--Japanese encephalitis virus (except those strains listed in Appendix B-II-D Risk Group2 (RG2) - Viruses) 
--West Nile virus (WNV) 
--Yellow fever virus 
--Other viruses as listed in the reference source (see Section V-C, Footnotes and References of Sections I 

through IV) 

Orthomyxoviruses 
-- Influenza viruses 1918-1919 H1N1 (1918 H1N1), human H2N2 (1957-1968), and highly pathogenic avian 
influenza H5N1 strains within the Goose/Guangdong/96-like H5 lineage (HPAI H5N1). 

Poxviruses 
--Monkeypox virus 

Prions 
--Transmissible spongiform encephalopathies (TSE) agents (Creutzfeldt-Jacob disease and kuru agents)(see 

Section V-C, Footnotes and References of Sections I through IV, for containment instruction) 
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Retroviruses  
--Human immunodeficiency virus (HIV) types 1 and 2 
--Human T cell lymphotropic virus (HTLV) types 1 and 2 
--Simian immunodeficiency virus (SIV) 

Rhabdoviruses 
--Vesicular stomatitis virus (except those strains listed in Appendix B-II-D Risk Group2 (RG2) - Viruses) 

Appendix B-IV. Risk Group 4 (RG4) Agents 

RG4 agents are likely to cause serious or lethal human disease for which preventive or therapeutic interventions 
are not usually available. 

Appendix B-IV-A. Risk Group 4 (RG4) - Bacterial Agents 

None 

Appendix B-IV-B. Risk Group 4 (RG4) - Fungal Agents 

None 

Appendix B-IV-C. Risk Group 4 (RG4) - Parasitic Agents 

None 

Appendix B-IV-D. Risk Group 4 (RG4) - Viral Agents 

Arenaviruses 
--Guanarito virus 
--Lassa virus 

--Junin virus (except the candid #1 vaccine strain listed in Appendix B-II-D Risk Group2 (RG2) – Viruses) 
--Machupo virus 
--Sabia 

Bunyaviruses (Nairovirus) 
--Crimean-Congo hemorrhagic fever virus 

Filoviruses  
--Ebola virus 
--Marburg virus 

Flaviruses - Group B Arboviruses  
--Tick-borne encephalitis virus complex including Absetterov, Central European encephalitis, Hanzalova, Hypr, 
Kumlinge, Kyasanur Forest disease, Omsk hemorrhagic fever, and Russian spring-summer encephalitis viruses 

Herpesviruses (alpha)  
--Herpesvirus simiae (Herpes B or Monkey B virus) 

Paramyxoviruses 
--Equine Morbillivirus (Hendra virus) 

Hemorrhagic fever agents and viruses as yet undefined 

Appendix B-V. Animal Viral Etiologic Agents in Common Use 

The following list of animal etiologic agents is appended to the list of human etiologic agents.  None of these 
agents is associated with disease in healthy adult humans; they are commonly used in laboratory experimental 
work. 
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A containment level appropriate for RG1 human agents is recommended for their use.  For agents that are 
infectious to human cells, e.g., amphotropic and xenotropic strains of murine leukemia virus, a containment level 
appropriate for RG2 human agents is recommended. 

Baculoviruses 

Herpesviruses 
--Herpesvirus ateles 
--Herpesvirus saimiri 
--Marek's disease virus 
--Murine cytomegalovirus 

Papilloma viruses 
--Bovine papilloma virus 
--Shope papilloma virus 

Polyoma viruses 
--Polyoma virus 
--Simian virus 40 (SV40) 

Retroviruses 
--Avian leukosis virus 
--Avian sarcoma virus 
--Bovine leukemia virus 
--Feline leukemia virus 
--Feline sarcoma virus 
--Gibbon leukemia virus 
--Mason-Pfizer monkey virus 
--Mouse mammary tumor virus 
--Murine leukemia virus 

--Murine sarcoma virus 
--Rat leukemia virus 

Appendix B-V-1. Murine Retroviral Vectors 

Murine retroviral vectors to be used for human transfer experiments (less than 10 liters) that contain less than 
50% of their respective parental viral genome and that have been demonstrated to be free of detectable 
replication competent retrovirus can be maintained, handled, and administered, under BL1 containment. 

*********************************************************************************************************************** 

APPENDIX C. EXEMPTIONS UNDER SECTION III-F-8 

Section III-F-8 states that exempt from these NIH Guidelines are "those that do not present a significant risk to 
health or the environment (see Section IV-C-1-b-(1)-(c), NIH Director--Specific Responsibilities), as determined 
by the NIH Director, with the advice of the RAC, and following appropriate notice and opportunity for public 
comment.  See Appendix C, Exemptions under Sections III-F-8, for other classes of experiments which are 
exempt from the NIH Guidelines."  The following classes of experiments are exempt under Section III-F-8: 

Appendix C-I. Recombinant or Synthetic Nucleic Acid Molecules in Tissue Culture 

Recombinant or synthetic nucleic acid molecules containing less than one-half of any eukaryotic viral genome 
(all viruses from a single family being considered identical -- see Appendix C-IX-E, Footnotes and References of 
Appendix C), that are propagated and maintained in cells in tissue culture are exempt from these NIH 
Guidelines with the exceptions listed in Appendix C-I-A. 
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Appendix C-I-A. Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B 
which require NIH OSP and Institutional Biosafety Committee approval before initiation, (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) or cells known to be infected with these agents, (iii) experiments involving the deliberate introduction 
of genes coding for the biosynthesis of molecules that are toxic for vertebrates (see Appendix F, Containment 
Conditions for Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates), and (iv) whole 
plants regenerated from plant cells and tissue cultures are covered by the exemption provided they remain 
axenic cultures even though they differentiate into embryonic tissue and regenerate into plantlets. 

Appendix C-II. Escherichia coli K-12 Host-Vector Systems 

Experiments which use Escherichia coli K-12 host-vector systems, with the exception of those experiments 
listed in Appendix C-II-A, are exempt from the NIH Guidelines provided that:  (i) the Escherichia coli host does 
not contain conjugation proficient plasmids or generalized transducing phages; or (ii) lambda or lambdoid or Ff 
bacteriophages or non-conjugative plasmids (see Appendix C-IX-B, Footnotes and References of Appendix C) 
shall be used as vectors.  However, experiments involving the insertion into Escherichia coli K-12 of DNA from 
prokaryotes that exchange genetic information (see Appendix C-IX-C, Footnotes and References of Appendix 
C) with Escherichia coli may be performed with any Escherichia coli K-12 vector (e.g., conjugative plasmid).
When a non-conjugative vector is used, the Escherichia coli K-12 host may contain conjugation-proficient 
plasmids either autonomous or integrated, or generalized transducing phages.  For these exempt laboratory 
experiments, Biosafety Level (BL) 1 physical containment conditions are recommended.  For large-scale 
fermentation experiments, the appropriate physical containment conditions need be no greater than those for 
the host organism unmodified by recombinant or synthetic nucleic acid molecule techniques; the Institutional 
Biosafety Committee can specify higher containment if deemed necessary. 

Appendix C-II-A. Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B 
which require NIH OSP and Institutional Biosafety Committee approval before initiation, (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human  

Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I  
through IV) or cells known to be infected with these agents may be conducted under containment conditions 
specified in Section III-D-2 with prior Institutional Biosafety Committee review and approval, (iii) large-scale 
experiments (e.g., more than 10 liters of culture), and (iv) experiments involving the cloning of toxin molecule 
genes coding for the biosynthesis of molecules toxic for vertebrates (see Appendix F, Containment Conditions 
for Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates). 

Appendix C-III. Saccharomyces Host-Vector Systems 

Experiments involving Saccharomyces cerevisiae and Saccharomyces uvarum host-vector systems, with the 
exception of experiments listed in Appendix C-III-A, are exempt from the NIH Guidelines.  For these exempt 
experiments, BL1 physical containment is recommended.  For large-scale fermentation experiments, the 
appropriate physical containment conditions need be no greater than those for the unmodified host organism; 
the Institutional Biosafety Committee can specify higher containment if deemed necessary. 

Appendix C-III-A. Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B 
which require NIH OSP and Institutional Biosafety Committee approval before initiation, (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) or cells known to be infected with these agents may be conducted under containment conditions 
specified in Section III-D-2 with prior Institutional Biosafety Committee review and approval, (iii) large-scale 
experiments (e.g., more than 10 liters of culture), and (iv) experiments involving the deliberate cloning of genes 
coding for the biosynthesis of molecules toxic for vertebrates (see Appendix F, Containment Conditions for 
Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates). 
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Appendix C-IV. Kluyveromyces Host-Vector Systems 

Experiments involving Kluyveromyces lactis host-vector systems, with the exception of experiments listed in 
Appendix C-IV-A, are exempt from the NIH Guidelines provided laboratory-adapted strains are used (i.e. strains 
that have been adapted to growth under optimal or defined laboratory conditions).  For these exempt 
experiments, BL1 physical containment is recommended.  For large-scale fermentation experiments, the 
appropriate physical containment conditions need be no greater than those for the unmodified host organism; 
the Institutional Biosafety Committee may specify higher containment if deemed necessary.  

Appendix C-IV-A Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B, 
which require NIH OSP and Institutional Biosafety Committee approval before initiation; (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) or cells known to be infected with these agents may be conducted under containment conditions 
specified in Section III-D-2 with prior Institutional Biosafety Committee review and approval; (iii) large-scale 
experiments (e.g., more than 10 liters of culture), and (v) experiments involving the deliberate cloning of genes 
coding for the biosynthesis of molecules toxic for vertebrates (see Appendix F, Containment Conditions for 
Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates). 

Appendix C-V. Bacillus subtilis or Bacillus licheniformis Host-Vector Systems 

Any asporogenic Bacillus subtilis or asporogenic Bacillus licheniformis strain which does not revert to a spore-
former with a frequency greater than 10-7 may be used for cloning DNA with the exception of those experiments 
listed in Appendix C-V-A, Exceptions.  For these exempt laboratory experiments, BL1 physical containment 
conditions are recommended.  For large-scale fermentation experiments, the appropriate physical containment 
conditions need be no greater than those for the unmodified host organism; the Institutional Biosafety 
Committee can specify higher containment if it deems necessary. 

Appendix C-V-A. Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B 
which require NIH OSP and Institutional Biosafety Committee approval before initiation, (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) or cells known to be infected with these agents may be conducted under containment conditions 
specified in Section III-D-2 with prior Institutional Biosafety Committee review and approval, (iii) large-scale 
experiments (e.g., more than 10 liters of culture), and (iv) experiments involving the deliberate cloning of genes 
coding for the biosynthesis of molecules toxic for vertebrates (see Appendix F, Containment Conditions for 
Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates). 

Appendix C-VI. Extrachromosomal Elements of Gram Positive Organisms 

Recombinant or synthetic nucleic acid molecules derived entirely from extrachromosomal elements of the 
organisms listed below (including shuttle vectors constructed from vectors described in Appendix C), 
propagated and maintained in organisms listed below are exempt from these NIH Guidelines. 

Bacillus amyloliquefaciens 
Bacillus amylosacchariticus 
Bacillus anthracis 
Bacillus aterrimus 
Bacillus brevis 
Bacillus cereus 
Bacillus globigii 
Bacillus licheniformis   
Bacillus megaterium 
Bacillus natto 
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Bacillus niger 
Bacillus pumilus 
Bacillus sphaericus 
Bacillus stearothermophilus 
Bacillus subtilis 
Bacillus thuringiensis 
Clostridium acetobutylicum 
Lactobacillus casei 
Listeria grayi 
Listeria monocytogenes 
Listeria murrayi 
Pediococcus acidilactici 
Pediococcus damnosus 
Pediococcus pentosaceus 
Staphylococcus aureus 
Staphylococcus carnosus 
Staphylococcus epidermidis 
Streptococcus agalactiae   
Streptococcus anginosus 
Streptococcus avium 
Streptococcus cremoris 
Streptococcus dorans 
Streptococcus equisimilis 
Streptococcus faecalis 
Streptococcus ferus 
Streptococcus lactis 
Streptococcus ferns 
Streptococcus mitior 
Streptococcus mutans 
Streptococcus pneumoniae 
Streptococcus pyogenes 

Streptococcus salivarius 
Streptococcus sanguis 
Streptococcus sobrinus 
Streptococcus thermophilus 

Appendix C-VI-A. Exceptions 

The following categories are not exempt from the NIH Guidelines:  (i) experiments described in Section III-B 
which require NIH OSP and Institutional Biosafety Committee approval before initiation, (ii) experiments 
involving DNA from Risk Groups 3, 4, or restricted organisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) or cells known to be infected with these agents may be conducted under containment conditions 
specified in Section III-D-2 with prior Institutional Biosafety Committee review and approval, (iii) large-scale 
experiments (e.g., more than 10 liters of culture), and (iv) experiments involving the deliberate cloning of genes 
coding for the biosynthesis of molecules toxic for vertebrates (see Appendix F, Containment Conditions for 
Cloning of Genes Coding for the Biosynthesis of Molecules Toxic for Vertebrates). 

Appendix C-VII. The Purchase or Transfer of Transgenic Rodents 

The purchase or transfer of transgenic rodents for experiments that require BL1 containment (See Appendix G-
III-M, Footnotes and References of Appendix G) are exempt from the NIH Guidelines. 

Appendix C-VIII. Generation of BL1 Transgenic Rodents via Breeding 

The breeding of two different transgenic rodents or the breeding of a transgenic rodent and a non-transgenic 
rodent with the intent of creating a new strain of transgenic rodent that can be housed at BL1 containment will 
be exempt from the NIH Guidelines if: 
(1) Both parental rodents can be housed under BL1 containment; and  
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(2) neither parental transgenic rodent contains the following genetic modifications:  (i) incorporation of more than 
one-half of the genome of an exogenous eukaryotic virus from a single family of viruses; or (ii) incorporation of a 
transgene that is under the control of a gammaretroviral long terminal repeat (LTR); and  
(3) the transgenic rodent that results from this breeding is not expected to contain more than one-half of an 
exogenous viral genome from a single family of viruses. 

Appendix C-IX. Footnotes and References of Appendix C 

Appendix C-IX-A.  The NIH Director, with advice of the RAC, may revise the classification for the purposes of 
these NIH Guidelines (see Section IV-C-1-b-(2)-(b), Minor Actions).  The revised list of organisms in each Risk 
Group is located in Appendix B. 

Appendix C-IX-B.  A subset of non-conjugative plasmid vectors are poorly mobilizable (e.g., pBR322, pBR313). 
Where practical, these vectors should be employed. 

Appendix C-IX-C.  Defined as observable under optimal laboratory conditions by transformation, transduction, 
phage infection, and/or conjugation with transfer of phage, plasmid, and/or chromosomal genetic information.  
Note that this definition of exchange may be less stringent than that applied to exempt organisms under Section 
III-F-6, Exempt Experiments. 

Appendix C-IX-D.  As classified in the Third Report of the International Committee on Taxonomy of Viruses: 
Classification and Nomenclature of Viruses, R. E. F. Matthews (ed.), Intervirology 12 (129-296), 1979. 

Appendix C-IX-E.  i.e., the total of all genomes within a Family shall not exceed one-half of the genome. 

*********************************************************************************************************************** 

APPENDIX D. MAJOR ACTIONS TAKEN UNDER THE NIH GUIDELINES 

As noted in the subsections of Section IV-C-1-b-(1), the Director, NIH, may take certain actions with regard to 
the NIH Guidelines after the issues have been considered by the RAC.  Some of the actions taken to date 
include the following: 

Appendix D-1.  Permission is granted to clone foot and mouth disease virus in the EK1 host-vector system 
consisting of E. coli K-12 and the vector pBR322, all work to be done at the Plum Island Animal Disease Center. 

Appendix D-2.  Certain specified clones derived from segments of the foot and mouth disease virus may be 
transferred from Plum Island Animal Disease Center to the facilities of Genentech, Inc., of South San Francisco, 
California.  Further development of the clones at Genentech, Inc., has been approved under BL1 + EK1 
conditions. 

Appendix D-3.  The Rd strain of Hemophilus influenzae can be used as a host for the propagation of the cloned 
Tn 10 tet R gene derived from E. coli K-12 employing the non-conjugative Hemophilus plasmid, pRSF0885, 
under BL1 conditions. 

Appendix D-4.  Permission is granted to clone certain subgenomic segments of foot and mouth disease virus in 
HV1 Bacillus subtilis and Saccharomyces cerevisiae host-vector systems under BL1 conditions at Genentech, 
Inc., South San Francisco, California. 

Appendix D-5.  Permission is granted to Dr. Ronald Davis of Stanford University to field test corn plants 
modified by recombinant DNA techniques under specified containment conditions. 

Appendix D-6.  Permission is granted to clone in E. coli K-12 under BL1 physical containment conditions 
subgenomic segments of rift valley fever virus subject to conditions which have been set forth by the RAC. 

Appendix D-7.  Attenuated laboratory strains of Salmonella typhimurium may be used under BL1 physical 
containment conditions to screen for the Saccharomyces cerevisiae pseudouridine synthetase gene.  The 
plasmid YEp13 will be employed as the vector. 
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Appendix D-8.  Permission is granted to transfer certain clones of subgenomic segments of foot and mouth 
disease virus from Plum Island Animal Disease Center to the laboratories of Molecular Genetics, Inc., 
Minnetonka, Minnesota, and to work with these clones under BL1 containment conditions.  Approval is 
contingent upon review of data on infectivity testing of the clones by a working group of the RAC. 
 
Appendix D-9.  Permission is granted to Dr. John Sanford of Cornell University to field test tomato and tobacco 
plants transformed with bacterial (E.coli K-12) and yeast DNA using pollen as a vector. 
 
Appendix D-10.  Permission is granted to Drs. Steven Lindow and Nickolas Panopoulos of the University of 
California, Berkeley, to release under specified conditions Pseudomonas syringae, pathovars (pv.) syringae, 
and Erwinia herbicola carrying in vitro generated deletions of all or part of the genes involved in ice nucleation. 
 
Appendix D-11.  Agracetus of Middleton, Wisconsin, may field test under specified conditions disease resistant 
tobacco plants prepared by recombinant DNA techniques. 
 
Appendix D-12.  Eli Lilly and Company of Indianapolis, Indiana, may conduct large-scale experiments and 
production involving Cephalosporium acremonium strain LU4-79-6 under less than Biosafety Level 1 - Large 
Scale (BL1-LS) conditions. 
 
Appendix D-13.  Drs. W. French Anderson, R. Michael Blaese, and Steven Rosenberg of the NIH, Bethesda, 
Maryland, can conduct experiments in which a bacterial gene coding for neomycin phosphotransferase will be 
inserted into a portion of the tumor infiltrating lymphocytes (TIL) of cancer patients using a retroviral vector, N2.  
The marked TIL then will be combined with unmarked TIL, and reinfused into the patients.  This experiment is 
an addition to an ongoing adoptive immunotherapy protocol in which TIL are isolated from a patient's tumor, 
grown in culture in the presence of interleukin-2, and reinfused into the patient.  The marker gene will be used to 
detect TIL at various time intervals following reinfusion.   
Approval is based on the following four stipulations:  (I) there will be no limitation of the number of patients in the 
continuing trial; (ii) the patients selected will have a life expectancy of about 90 days; (iii) the patients give fully 
informed consent to participate in the trial; and (iv) the investigators will provide additional data before inserting 
a gene for therapeutic purposes. (Protocol #8810-001) 
 
Appendix D-14.  U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) may conduct certain 
experiments involving products of a yellow fever virus originating from the 17-D yellow fever clone at the 
Biosafety Level 3 containment level using HEPA filters and vaccination of laboratory personnel. 
 
In addition, USAMRIID may conduct certain experiments involving vaccine studies of Venezuelan equine 
encephalitis virus at the Biosafety Level 3 containment level using HEPA filters and vaccination of laboratory 
personnel. 
 
Appendix D-15.  Drs. R. Michael Blaese and W. French Anderson of the NIH, Bethesda, Maryland, can conduct 
experiments in which a gene coding for adenosine deaminase (ADA) will be inserted into T lymphocytes of 
patients with severe combined immunodeficiency disease, using a retroviral vector, LASN.  Following insertion 
of the gene, these T lymphocytes will be reinfused into the patients.  The patients will then be followed for 
evidence of clinical improvement in the disease state, and measurement of multiple parameters of immune 
function by laboratory testing. 
 
Approval is based on the following two stipulations:  (I) that intraperitoneal administration of transduced T 
lymphocytes not be used before clearance by the Chair of the Recombinant DNA Advisory Committee; and (ii) 
that the number of research patients be limited to 10 at this time. 
 
In addition to the conditions outlined in the initial approval, patients may be given a supplement of a CD-34+-
enriched peripheral blood lymphocytes (PBL) which have been placed in culture conditions that favor progenitor 
cell growth.  This enriched population of cells will be transduced with the retroviral vector, G1NaSvAd.  
G1NaSvAd is similar to LASN, yet distinguishable by PCR.  LASN has been used to transduce peripheral blood 
T lymphocytes with the ADA gene.  Lymphocytes and myeloid cells will be isolated from patients over time and 
assayed for the presence of the LASN or G1NaSvAd vectors.  The primary objectives of this protocol are to 
transduce CD 34+ peripheral blood cells with the adenosine deaminase gene, administer these cells to patients, 
and determine if such cells can differentiate into lymphoid and myeloid cells in vivo.  There is a potential for 
benefit to the patients in that these hematopoietic progenitor cells may survive longer, and divide to yield a 
broader range of gene-corrected cells. (Protocol #9007-002) 
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Appendix D-16.  Dr. Steven A. Rosenberg of the National Institutes of Health, Bethesda, Maryland, can conduct 
experiments on patients with advanced melanoma who have failed all effective therapy.  These patients will be 
treated with escalating doses of autologous tumor infiltrating lymphocytes (TIL) transduced with a gene coding 
for tumor necrosis factor (TNF).  Escalating numbers of transduced TIL will be administered at three weekly 
intervals along with the administration of interleukin-2 (IL-2).  The objective is to evaluate the toxicity and 
possible therapeutic efficacy of the administration of tumor infiltrating lymphocytes (TIL) transduced with the 
gene coding for TNF. (Protocol #9007-003) 
 
Appendix D-17.  Dr. Malcolm K. Brenner of St. Jude Children's Research Hospital of Memphis, Tennessee, can 
conduct experiments on patients with acute myelogenous leukemia (AML).  Using the LNL6 retroviral vector, the 
autologous bone marrow cells will be transduced with the gene coding for neomycin resistance.  The purpose of 
this gene marking experiment is to determine whether the source of relapse after autologous bone marrow 
transplantation for acute myelogenous leukemia is residual malignant cells in the harvested marrow or 
reoccurrence of tumor in the patient.  Determining the source of relapse should indicate whether or not purging 
of the bone marrow is a necessary procedure. (Protocol #9102-004) 
 
Appendix D-18.  Dr. Malcolm K. Brenner of St. Jude Children's Research Hospital of Memphis, Tennessee, can 
conduct experiments on pediatric patients with Stage D (disseminated) neuroblastoma who are being treated 
with high-dose carboplatin and etoposide in either phase I/II or phase II trials.  All the patients in these studies 
will be subjected to bone marrow transplantation since it will allow them to be exposed to chemoradiation that 
would be lethal were it not for the availability of stored autologous marrow for rescue.  The bone marrow cells of 
these patients will be transduced with the gene coding for neomycin resistance using the LNL6 vector.  The 
purpose of this gene marking study is to determine whether the source of relapse after autologous bone marrow 
transplantation is residual malignant cells in the harvested marrow or residual disease in the patient.  Secondly,  
it is hoped to determine the contribution of marrow autographs to autologous reconstitution. (Protocol #9105-
005/9105-006) 
 
Appendix D-19.  Dr. Albert B. Deisseroth of the MD Anderson Cancer Center of Houston, Texas, can conduct 
experiments on patients with chronic myelogenous leukemia who have been reinduced into a second chronic 
phase or blast cells.  The patients in these studies will receive autologous bone marrow transplantation.  Using 
the LNL6 vector, the bone marrow cells will be transduced with the gene coding for neomycin resistance.  The 
purpose of these marking studies is to determine if the origin of relapse arises from residual leukemic cells in the 
patients or from viable leukemic cells remaining in the bone marrow used for autologous transplantation. 
(Protocol #9105-007) 
 
Appendix D-20.  Drs. Fred D. Ledley and Savio L. C. Woo of Baylor College of Medicine of Houston, Texas, 
can conduct experiments on pediatric patients with acute hepatic failure who are identified as candidates for 
hepatocellular transplantation.  Using the LNL6 vector, the hepatocytes will be transduced with the gene coding 
for neomycin resistance.  The purpose of using a genetic marker is to demonstrate the pattern of engraftment of 
transplanted hepatocytes and to help determine the success or failure of engraftment. (Protocol #9105-008) 
 
Appendix D-21.  Dr. Steven A. Rosenberg of the National Institutes of Health, Bethesda, Maryland, can conduct 
experiments on patients with advanced melanoma, renal cell cancer, and colon carcinoma who have failed all 
effective therapy.  In an attempt to increase these patients' immune responses to the tumor, the tumor necrosis 
factor gene or the interleukin-2 gene will be introduced into a tumor cell line established from the patient.  These 
gene-modified autologous tumor cells will then be injected into the thigh of the patient.  To further utilize the 
immune system of the patient to fight the tumor, stimulated lymphocytes will be cultured from either the draining 
regional lymph nodes or the injected tumor itself.  The patients will be evaluated for antitumor effects 
engendered by the injection of the gene modified tumor cells themselves as well as after the infusion of the 
cultured lymphocytes. (Protocol #9110-010/9110-011) 
 
Appendix D-22.  Dr. James M. Wilson of the University of Michigan Medical Center of Ann Arbor, Michigan, can 
conduct experiments on three patients with the homozygous form of familial hypercholesterolemia.  Both 
children and adults will be eligible for this therapy.  In an attempt to correct the basic genetic defect in this 
disease, the gene coding for the low-density lipoprotein (LDL) receptor will be introduced into liver cells taken 
from the patient.  The gene-corrected hepatocytes will then be infused into the portal circulation of the patient 
through an indwelling catheter.  The patients will be evaluated for engraftment of the these treated hepatocytes 
through a series of metabolic studies; three months after gene therapy, a liver biopsy will be taken and analyzed 
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for the presence of recombinant derived RNA and DNA to document the presence of the gene coding for the 
normal LDL receptor. (Protocol #9110-012) 

Appendix D-23.  Dr. Michael T. Lotze of the University of Pittsburgh School of Medicine, Pittsburgh, 
Pennsylvania, can conduct experiments on 20 patients with metastatic melanoma who have failed conventional 
therapy.  A gene transfer experiment will be performed, transducing the patients' tumor infiltrating lymphocytes 
(TILs) with the gene for neomycin resistance.  Through the use of this gene marking technique, it is proposed to 
determine how long TIL cells can be detected in vivo in the peripheral blood of the patients, and how the 
administration of interleukin-2 and interleukin-4 affects localization and survival of TIL cells in tumor sites. 
(Protocol #9105-009) 

Appendix D-24.  Dr. Gary J. Nabel of the University of Michigan Medical School, Ann Arbor, Michigan, can 
conduct gene therapy experiments on twelve patients with melanoma or adenocarcinoma.  Patient population 
will be limited to adults over the age of 18 and female patients must be postmenopausal or have undergone 
tubal ligation or orchiectomy.  The patient's immune response will be stimulated by the introduction of a gene 
encoding for a Class I MHC protein, HLA-B7, in order to enhance tumor regression.  DNA/liposome-mediated 
transfection techniques will be used to directly transfer this foreign gene into tumor cells.  HLA-B7 expression 
will be confirmed in vivo, and the immune response stimulated by the expression of this antigen will be 
characterized.  These experiments will be analyzed for their efficacy in treating cancer. (Protocol #9202-013) 

Appendix D-25.  Kenneth Cornetta of Indiana University, Indianapolis, Indiana, can conduct gene transfer 
experiments on up to 10 patients with acute myelogenous leukemia (AML) and up to 10 patients with acute 
lymphocytic leukemia (ALL).  The patient population will be limited to persons between 18 and 65 years of age.  
Using the LNL-6 vector, autologous bone marrow cells will be marked with the neomycin resistance gene.  Gene 
marked and untreated bone marrow cells will be reinfused at the time of bone marrow transplantation.  Patients 
will then be monitored for evidence of the neomycin resistance gene in peripheral blood and bone marrow cells 
in order to determine whether relapse of their disease is a result of residual malignant cells remaining in the 
harvested marrow or inadequate ablation of the tumor cells by chemotherapeutic agents.  Determining the 
source of relapse may indicate whether or not purging of the bone marrow is a necessary procedure for these 
leukemia patients.  Further studies will be performed in order to determine the percentage of leukemic cells that 
contain the LNL-6 vector and the clonality of the marked cells. (Protocol #9202-014) 

Appendix D-26.  Dr. James S. Economou of the University of California, Los Angeles, can conduct gene 
transfer experiments on 20 patients with metastatic melanoma and 20 patients with renal cell carcinoma.  These 
patients will be treated with various combinations of tumor-infiltrating lymphocytes and peripheral blood 
leukocytes, including CD8 and CD4 subsets of both types of cells.  These effector cell populations will be given 
in combination with interleukin-2 (IL-2) in the melanoma patients and IL-2 plus alpha interferon in the renal cell 
carcinoma patients.  The effector cells will be transduced with the neomycin resistance gene using either the 
LNL6 or G1N retroviral vectors.  This "genetic marking" of the tumor-infiltrating lymphocytes and peripheral 
blood lymphocytes is designed to answer questions about the trafficking of these cells, their localization to 
tumors, and their in vivo life span. (Protocol #9202-015) 

Appendix D-27.  Drs. Philip Greenberg and Stanley R. Riddell of the Fred Hutchinson Cancer Research Center, 
Seattle, Washington, may conduct gene transfer experiments on 15 human immunodeficiency virus (HIV) 
seropositive patients (18-45 years old) undergoing allogeneic bone marrow transplantation for non-Hodgkin's 
lymphoma and 15 HIV-seropositive patients (18-50 years old) who do not have acquired immunodeficiency 
syndrome (AIDS)-related lymphoma and who are not undergoing bone marrow transplantation to evaluate the 
safety and efficacy of HIV-specific cytotoxic T lymphocyte (CTL) therapy.  CTL will be transduced with a 
retroviral vector (HyTK) encoding a gene that is a fusion product of the hygromycin phosphotransferase gene 
(HPH) and the herpes simplex virus thymidine kinase (HSV-TK) gene.  This vector will deliver both a marker 
gene and an ablatable gene in these T cell clones in the event that patients develop side effects as a 
consequence of CTL therapy.  Data will be correlated over time, looking at multiple parameters of HIV disease 
activity.  The objectives of these studies include evaluating the safety and toxicity of CTL therapy, determining 
the duration of in vivo survival of HIV-specific CTL clones, and determining if ganciclovir therapy can eradicate 
genetically modified, adoptively transferred CTL cells. (Protocol #9202-017) 

Appendix D-28.  Dr. Malcolm Brenner of St. Jude Children's Research Hospital, Memphis, Tennessee, can 
conduct gene therapy experiments on twelve patients with relapsed/refractory neuroblastoma who have 
relapsed after receiving autologous bone marrow transplant.  In an attempt to stimulate the patient's immune 
response, the gene coding for Interleukin-2 (IL-2) will be used to transduce tumor cells, and these gene-modified 
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cells will be injected subcutaneously in a Phase 1 dose escalation trial.  Patients will be evaluated for an anti-
tumor response. (Protocol #9206-018) 

Appendix D-29.  Drs. Edward Oldfield, Kenneth Culver, Zvi Ram, and R. Michael Blaese of the National 
Institutes of Health, Bethesda, Maryland, can conduct gene therapy experiments on ten patients with primary 
malignant brain tumors and ten patients with lung cancer, breast cancer, malignant melanoma, or renal cell 
carcinoma who have brain metastases.  The patient population will be limited to adults over the age of 18. 
Patients will be divided into two groups based on the surgical accessibility of their lesions.  Both surgically 
accessible and surgically inaccessible lesions will receive intra-tumoral injections of the retroviral Herpes 
simplex thymidine kinase (HS-tk) vector-producer cell line, G1TkSvNa, using a guided stereotaxic approach.  
Surgically accessible lesions will be excised seven days after stereotaxic injection, and the tumor bed will be 
infiltrated with the HS-tk producer cells.  The removed tumor will be evaluated for the efficiency of transduction.  
Ganciclovir (GCV) will be administered beginning on the fifth postoperative day.  In the case of surgically 
inaccessible lesions, the patients will receive intravenous therapy with GCV seven days after receiving the intra-
tumoral injections of the retroviral HS-tk vector-producer cells. (Protocol #9206-019) 

Appendix D-30.  Dr. Albert D. Deisseroth of MD Anderson Cancer Center, Houston, Texas, can conduct gene 
transfer experiments on ten patients who have developed blast crisis or accelerated phase chronic 
myelogenous leukemia (CML).  The retroviral vectors G1N and LNL6 which code for neomycin resistance will be 
used to transduce autologous peripheral blood and bone marrow cells that have been removed and stored at 
the time of cytogenetic remission or re-induction of chronic phase in Philadelphia chromosome positive CML 
patients.  Following reinduction of the chronic phase of CML and preparative chemotherapy, patients will be 
infused with the transduced autologous cells. 

This protocol is designed to determine the cause of relapse of CML.  If polyclonal CML neomycin marked blastic 
cells appear at the time of relapse, their presence will indicate that relapse arises from the leukemic CML blast 
cells present in the autologous cells infused following chemotherapy.  If residual systemic disease contributes to 
relapse, the neomycin resistance gene will not be detected in the CML leukemic blasts at the time of relapse. 

This study will compare the relative contributions of the peripheral blood and bone marrow to generate 
hematopoietic recovery after bone marrow transplantation and evaluate purging and selection of peripheral 
blood or bone marrow as a source of stem cells for transplant.  The percentage of neomycin resistant CML cells 
which are leukemic will be determined by PCR analysis and detection of bcr-abl mRNA. (Protocol #9206-020) 

Appendix D-31.  Dr. Cynthia Dunbar of the National Institutes of Health, Bethesda, Maryland, can conduct gene 
transfer experiments on up to 48 patients with multiple myeloma, breast cancer, or chronic myelogenous 
leukemia.  The retroviral vectors G1N and LNL6 will be used to transfer the neomycin resistance marker gene 
into autologous bone marrow and peripheral blood stem cells in the presence of growth factors to examine 
hematopoietic reconstitution after bone marrow transplantation.  The efficiency of transduction of both short and 
long term autologous bone marrow reconstituting cells will be examined. 

Autologous bone marrow and CD34+ peripheral blood stem cells will be enriched prior to transduction.  
Myeloma and CML patients will receive both autologous bone marrow and peripheral blood stem cell 
transplantation.  These separate populations will be marked with both the G1N and LNL6 retroviral vectors.  If 
short and long term marking experiments are successful, important information may be obtained regarding the 
biology of autologous reconstitution, the feasibility of retroviral gene transfer into hematopoietic cells, and the 
contribution of viable tumor cells within the autograft to disease relapse. (Protocol #9206-023/9206-024/9206-
025) 

Appendix D-32.  Dr. Bernd Gansbacher of the Memorial Sloan-Kettering Cancer Center, New York, New York, 
can conduct gene therapy experiments on twelve patients over 18 years of age with metastatic melanoma who 
are HLA-A2 positive and who have failed conventional therapy.  This is a phase I study to examine whether 
allogeneic HLA-A2 matched melanoma cells expressing recombinant human Interleukin-2 (IL-2) can be injected 
subcutaneously and used to create a potent tumor specific immune response without producing toxicity.  By 
allowing the tumor cells to present the MHC Class I molecule as well as the secreted IL-2, a clonal expansion of 
tumor specific effector cells is expected.  These effector populations may access residual tumor at distant sites 
via the systemic circulation. (Protocol #9206-021) 
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Appendix D-33.  Dr. Bernd Gansbacher of the Memorial Sloan-Kettering Cancer Center, New York, New York, 
can conduct gene therapy experiments on twelve patients over 18 years of age with renal cell carcinoma who 
are HLA-A2 positive and who have failed conventional therapy.  This Phase I study will examine whether 
allogeneic HLA-A2 matched renal cell carcinoma cells expressing recombinant human Interleukin-2 (IL-2) can 
be injected subcutaneously and used to create a potent tumor specific immune response without producing 
toxicity.  By allowing the tumor cells to present the MHC Class I molecule as well as the secreted IL-2, a clonal 
expansion of tumor specific effector cells is expected.  These effector populations may access residual tumor at 
distant sites via the systemic circulation. (Protocol #9206-022) 
 
Appendix D-34.  Dr. Michael T. Lotze, University of Pittsburgh, Pittsburgh, Pennsylvania, can conduct 
experiments on twenty patients with metastatic, and/or unresectable, locally advanced melanoma, renal cell 
carcinoma, breast cancer, or colon cancer who have failed standard therapy.  Patients will receive multiple 
subcutaneous injections of autologous tumor cells combined with an autologous fibroblast cell line that has been 
transduced in vitro with the gene coding for Interleukin-4 (IL-4) to augment the in vivo antitumor effect.  Patients 
will be monitored for antitumor effect by PCR analysis and multiple biopsy of the injection site. (Protocol #9209-
033) 
 
Appendix D-35.  Dr. Friedrich G. Schuening, Fred Hutchinson Cancer Research Center, Seattle, Washington, 
can conduct human gene transfer experiments on patients ≥ 18 years of age with breast cancer, Hodgkin's 
disease, or non-Hodgkin's lymphoma.  A total of 10 patients per year will be enrolled in the studies over a period 
of four years.  Patients will undergo autologous bone marrow transplantation with a selected population of 
Interleukin-3 (IL-3) or granulocyte colony-stimulating factor (G-CSF) stimulated CD34(+) peripheral blood 
repopulating cells (PBRC) that have been transduced with the gene coding for neomycin resistance (neoR) using 
the retroviral vector, LN.  Patients will be continuously monitored for neoR to determine the relative contribution  
 
of autologous PBRCs to long-term hematopoietic reconstitution.  Demonstration of long-term contribution of 
autologous PBRC to hematopoiesis will enable the use of PBRC alone for autologous transplants and suggest 
the use of PBRC as long-term carriers of therapeutically relevant genes. (Protocol #9209-027/9209-028) 
 
Appendix D-36.  Dr. Friedrich G. Schuening, Fred Hutchinson Cancer Research Center, Seattle, Washington, 
can conduct human gene transfer experiments on patients ≥ 18 years of age with breast cancer, Hodgkin's 
disease, or non-Hodgkin's lymphoma.  A total of 5 patients per year will be enrolled in the study over a period of 
four years.  Patients will undergo allogeneic bone marrow transplant with granulocyte colony-stimulating factor 
(G-CSF) stimulated CD34(+) PBRC harvested from an identical twin that have been transduced with neoR using 
the retroviral vector, LN.  Patients will be continuously monitored for neoR to determine the relative contribution 
of G-CSF stimulated allogeneic PBRCs to long-term bone marrow engraftment.   Demonstration of long-term 
contribution of allogeneic PBRC to hematopoiesis will enable the use of PBRC alone for allogeneic transplants 
and suggest the use of PBRC as long-term carriers of therapeutically relevant genes. (Protocol #9209-029) 
 
Appendix D-37.  Dr. Malcolm K. Brenner of St. Jude Children's Hospital, Memphis, Tennessee, and Dr. Bonnie 
J. Mills of Baxter Healthcare Corporation, Santa Ana, California, can conduct a multicenter uncontrolled human 
gene transfer experiment on 12 patients ≤ 21 years of age with Stage D Neuroblastoma in first or second 
marrow remission.  Autologous bone marrow cells will be separated into two fractions, purged and unpurged.  
Each fraction will be transduced with the neoR gene by either LNL6 or G1Na.  Patients will be monitored by the 
polymerase chain reaction (PCR) for the presence of neoR.  The protocol is designed to evaluate the safety and 
efficacy of the Neuroblastoma Bone Marrow Purging System following high dose chemotherapy. (Protocol 
#9209-032) 
 
Appendix D-38.  Drs. Carolyn Keierleber and Ann Progulske-Fox of the University of Florida, Gainesville, 
Florida, can conduct experiments involving the introduction of a gene coding for tetracycline resistance into 
Porphyromonas gingivalis at a physical containment level of Biosafety Level-2 (BL-2). 
 
Appendix D-39.  Dr. Scott M. Freeman of Tulane University Medical Center, New Orleans, Louisiana, can 
conduct experiments on patients with epithelial ovarian carcinoma who have clinical evidence of recurrent, 
progressive, or residual disease who have no other therapy available to prolong survival.  Patients will be 
injected intraperitoneally with the irradiated PA-1 ovarian carcinoma cell line which has been transduced with 
the herpes simplex thymidine kinase (HSV-TK) gene.  The patients will then receive ganciclovir therapy.  
Previous, data indicates that HSV-TK+ tumor cells exhibit a killing effect on HSV-TK- cells when exposed to 
ganciclovir therapy.  Patients will be evaluated for safety and side effects of this treatment. (Protocol #9206-016) 
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Appendix D-40.  Dr. Michael J. Welsh, Howard Hughes Medical Institute Research Laboratories, University of 
Iowa College of Medicine, Iowa City, Iowa, may conduct experiments on 3 cystic fibrosis (CF) patients ≥ 18 
years of age with mild to moderate disease.  This Phase I study will determine the:  (1) in vivo safety and 
efficacy of the administration of the replication-deficient type 2 adenovirus vector, Ad2/CFTR-1, to the nasal 
epithelium; (2) efficacy in correcting the CF chloride transport defect in vivo; and (3) effect of adenovirus vector 
dosage on safety and efficacy. (Protocol #9212-036) 

Appendix D-41.  Dr. Ronald G. Crystal, National Institutes of Health, Bethesda, Maryland, may conduct 
experiments on 10 cystic fibrosis (CF) patients ≥ 21 years of age.  Patients will receive an initial administration 
of the replication-deficient type 5 adenovirus vector, AdCFTR, to their left nares.  If no toxicity is observed from 
intranasal administration, patients will receive a single administration of AdCFTR to the respiratory epithelium of 
their left large bronchi.  Five groups of patients (2 patients per group) will be studied based on increased dosage 
administration of AdCFTR.  This study will determine the:  (1) in vivo safety and efficacy of the administration of 
AdCFTR into the respiratory epithelium; (2) efficacy of the correction of the biologic abnormalities of CF in the 
respiratory epithelium;  (3) duration of the biologic correction; (4) efficacy of the correction of the abnormal 
electrical potential difference of the airway epithelial sheet; (5) clinical parameters relevant to the disease 
process; and (6) if humoral immunity develops against AdCFTR sufficient to prevent repeat administration. 
(Protocol #9212-034) 

Appendix D-42.  Dr. Kenneth Culver, Iowa Methodist Medical Center, Des Moines, Iowa, and Dr. John Van 
Gilder, University of Iowa, Iowa City, Iowa, may conduct experiments on 15 patients ≥ 18 years of age with 
recurrent malignant primary brain tumors or lung, melanoma, renal cell carcinoma, or breast carcinoma brain 
metastases who have failed standard therapy for their disease.  Patient eligibility will be limited to those patients 
who have measurable residual tumor immediately following the post-operative procedure as demonstrated by 
imaging studies.  The number of patients treated will be equally divided between the Iowa Methodist Medical 
Center and the University of Iowa.  If a positive response is observed in any of the first 15 patients, the 
investigators may submit a request to treat an additional 15 patients. 
Following surgical debulking, patients will receive a maximum of 3 intralesional injections of the G1TkSvNa 
vector- producing cell line (VPC) to induce regression of residual tumor cells by ganciclovir (GCV) therapy.  
Patients who demonstrate stable disease for a minimum of 6 months following this treatment will be eligible for 
additional VPC injections and subsequent GCV therapy. (Protocol #9303-037) 

Appendix D-43.  Drs. Malcolm Brenner, Robert Krance, Helen E. Heslop, Victor Santana, and James Ihle, St. 
Jude Children's Research Hospital, Memphis, Tennessee, may conduct experiments on 35 patients ≥ 1 year 
and ≤ 21 years of age at the time of initial diagnosis of acute myelogenous leukemia (AML).  The investigators 
will use the two retroviral vectors, LNL6 and G1Na, to determine the efficacy of the bone marrow purging 
techniques:  4-hydroxyperoxicyclophosphamide and interleukin-2 (IL-2) activation of endogenous cytotoxic 
effector cells, in preventing relapse from the reinfusion of autologous bone marrow cells. (Protocol #9303-039) 

Appendix D-44.  Drs. Helen E. Heslop, Malcolm Brenner, and Cliona Rooney, St Jude Children's Research 
Hospital, Memphis, Tennessee, may conduct experiments of 35 patients ≤ 21 years of age who will be 
recipients of mismatched-related or phenotypically similar unrelated donor marrow grafts for leukemia.  In this 
Phase I dose escalation study, spontaneous lymphoblastoid cell lines will be established that express the same 
range of Epstein-Barr Virus (EBV) encoded proteins as the recipient.  These EBV-specific cell lines will be 
transduced with LNL6 or G1Na and readministered at the time of bone marrow transplant.  This study will 
determine:  (1) survival and expansion of these EBV-specific cell lines in vivo, (2) the ability of these adoptively 
transferred cells to confer protection against EBV infection, and (3) appropriate dosage and administration 
schedules. (Protocol #9303-038) 

Appendix D-45.  Drs. Robert W. Wilmott and Jeffrey Whitsett, Children's Hospital Medical Center, Cincinnati, 
Ohio, and Dr. Bruce Trapnell, Genetic Therapy, Inc., Gaithersburg, Maryland, may conduct experiments on 15 
cystic fibrosis (CF) patients who have mild to moderate disease ≥ 21 years of age.  The replication-deficient type 
5 adenovirus vector, Av1CF2, will be administered to the nasal and lobar bronchial respiratory tract of patients.  
This study will demonstrate the:  (1) expression of normal cystic fibrosis transmembrane conductance regulator 
(CFTR) mRNA in vivo, (2) synthesis of CFTR protein, and (3) correction of epithelial cell cAMP dependent Cl- 
permeability.  The pharmacokinetics of CFTR expression and ability to re-infect the respiratory tract with AvCF2 
will be determined.  Systemic and local immunologic consequences of Av1CF2 infection, the time of viral 
survival, and potential for recombination or complementation of the virus will be monitored. (Protocol #9303-041) 
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Appendix D-46.  Dr. James M. Wilson of the University of Pennsylvania Medical Center, Philadelphia, 
Pennsylvania, may conduct experiments on 20 adult patients with advanced cystic fibrosis lung disease.  An 
isolated segment of the patients' lung will be transduced with the E1 deleted, replication-incompetent adenovirus 
vector, Ad.CΒ-CFTR using a bronchoscope for gene delivery.  Ad.CB-CFTR contains the human gene encoding 
the cystic fibrosis transmembrane conductance regulator (CFTR) protein.  Pulmonary biopsies will be obtained 
by bronchoscopy at 4 days, 6 weeks, and 3 months following treatment.  Patients will be monitored for evidence 
of CFTR gene transfer and expression, immunological responses to CFTR or adenovirus proteins, and toxicity. 
(Protocol #9212-035) 
 
Appendix D-47.  Dr. Hilliard F. Seigler of Duke University Medical Center, Durham, North Carolina, may 
conduct experiments on 20 patients with disseminated malignant melanoma.  Autologous tumor cells will be 
transduced with a retroviral vector, pHuγ-IFN, that contains the gene encoding human γ-IFN.  Following lethal 
irradiation, the transduced cells will be readministered to patients for the purpose of generating cytotoxic T cells 
that are tumor specific along with the up-regulation of Class I major histocompatibility antigens.  Patients will be 
monitored for clinical regression of tumors and generation of tumor-specific cytotoxic T lymphocytes. (Protocol 
#9306-043) 
 
Appendix D-48.  Drs. Stefan Karlsson and Cynthia Dunbar of the National Institutes of Health, Bethesda, 
Maryland, and Dr. Donald B. Kohn of the Children’s Hospital of Los Angeles, Los Angeles, California, may 
conduct experiments on 10 patients with Gaucher disease.  CD34(+) hematopoietic stem cells will be isolated 
from bone marrow or from peripheral blood treated with granulocyte-colony stimulating factor.  CD34(+) cells will 
be transduced with a retrovirus vector, G1Gc, containing cDNA encoding human glucocerebrosidase and 
administered intravenously.  Patients will be monitored for toxicity and glucocerebrosidase expression. (Protocol 
#9306-047) 
 
Appendix D-49.  Dr. Gary J. Nabel of the University of Michigan Medical Center, Ann Arbor, Michigan, may 
conduct experiments on 12 patients with AIDS to be divided into 4 experimental groups.  CD4(+) lymphocytes 
will be isolated from peripheral blood and transduced with Rev M10, a transdominant inhibitory mutant of the rev 
gene of the human immunodeficiency virus (HIV).  Transduction of the rev mutant will be mediated either by the 
retrovirus vector, PLJ-cREV M10, or by particle-mediated gene transfer of plasmid DNA.  Patients will be 
monitored for survival of the transduced CD4(+) cells by polymerase chain reaction and whether Rev M10 can 
confer protection against HIV infection to CD4(+) cells. (Protocol #9306-049) 
 
Appendix D-50.  Dr. Gary J. Nabel of the University of Michigan Medical Center, Ann Arbor, Michigan, may 
conduct experiments on 24 patients with advanced cancer.  Patients will undergo in vivo transduction with 
DNA/liposome complexes containing genes encoding the HLA-B7 histocompatibility antigen and beta-2 
microglobulin in a non-viral plasmid.  These DNA/liposome complexes will be administered either by 
intratumoral injection or catheter delivery.  Patients will be monitored for enhanced immune responses against 
tumor cells, and safe and effective doses will be determined. (Protocol #9306-045) 
 
Appendix D-51.  Dr. John A. Barranger of the University of Pittsburgh, Pittsburgh, Pennsylvania, may conduct 
experiments on 5 patients with Gaucher disease.  The CD34(+) hematopoietic stem cells will be isolated from 
peripheral blood and transduced in vitro with the retrovirus vector, N2-Sv-GC, encoding the glucocerebrosidase 
(GC) enzyme.  Following reinfusion of the transduced cells, patients will be monitored by PCR analysis for GC 
expression in peripheral blood leukocytes.  Patients currently receiving GC replacement therapy and who 
demonstrate clinical responsiveness will be withdrawn from exogenous GC therapy.  Patients not previously 
treated with exogenous GC, will be monitored for clinical reversal of lipid storage symptoms. (Protocol #9306-
046) 
 
Appendix D-52.  Dr. Robert Walker of the National Institutes of Health, Bethesda, Maryland, may conduct 
experiments on 12 HIV-infected patients who have a seronegative identical twin.  CD4(+) and CD8(+) cells will 
be isolated from the seronegative twin and induced to polyclonal proliferation with anti-CD3 and interleukin-2.  
The enriched population of cells will be transduced with either LNL6 or G1Na, which contain the neoR gene.  
The transduced cells will be expanded in tissue culture and administered to the HIV-infected twin.  Patients will 
be monitored for immune function and the presence of marked cells. (Protocol #9209-026) 
 
Appendix D-53.  Dr. Corey Raffel of the Children’s Hospital Los Angeles, Los Angeles, California, and Dr. 
Kenneth Culver of Iowa Methodist Medical Center, Des Moines, Iowa, may conduct experiments on 30 patients 
between 2 and 18 years of age with recurrent malignant astrocytoma.  Fifteen patients will be accrued into this 
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study initially.  If at least one patient responds to therapy, an additional 14 patients will be treated.  Patients with 
either surgically accessible or non-accessible tumors will be treated with the vector producing cell line (PA317) 
carrying the retrovirus vector, G1TkSvNa.  This vector will transduce tumor cells in vivo with the Herpes simplex 
thymidine kinase (HS-tk) gene that renders the cells sensitive to killing by ganciclovir.  Surgically accessible 
patients will undergo surgical debulking of their tumor followed by repeated administration of the HS-tk vector 
producer cells into the tumor bed.  Children with unresectable tumors will undergo stereotaxic injection of vector 
producer cells into tumors. (Protocol #9306-050) 
 
Appendix D-54.  Dr. Jeffrey E. Galpin of the University of Southern California, Los Angeles, California, and Dr. 
Dennis A. Casciato of the University of California, Los Angeles, California, may conduct experiments on 15 
HIV(+) asymptomatic patients.  Patients will receive 3 monthly intramuscular injections of the retrovirus vector 
(N2IIIBenv) encoding the HIV-1 IIIB envelope protein.  Patients will be monitored for acute toxicity, CD4 levels, 
HIV-specific CTL responses, and viral burdens. (Protocol #9306-048) 
 
Appendix D-55.  Drs. Charles Hesdorffer and Karen Antman of Columbia University College of Physicians and 
Surgeons, New York, New York, may conduct experiments on 20 patients with advanced breast, ovary, and 
brain cancer.  CD34(+) hematopoietic stem cells will be isolated from bone marrow, transduced with the 
retrovirus vector, PHaMDR1/A, and readministered to patients.  Patients will be monitored for the presence and 
expression of the MDR-1 gene.  The investigators will determine whether MDR-1 expression increases following 
chemotherapy. (Protocol #9306-051) 
 
Appendix D-56.  Dr. Enzo Paoletti of Virogenetics Corporation, Troy, New York, may conduct experiments with 
poxvirus vectors NYVAC, ALVAC, and TROVAC at Biosafety Level 1. 
 
Appendix D-57.  Drs. Richard C. Boucher and Michael R. Knowles of the University of North Carolina, Chapel 
Hill, North Carolina, may conduct experiments on 9 patients (18 years old or greater) with cystic fibrosis to test 
for the safety and efficacy of an E1-deleted recombinant adenovirus containing the cystic fibrosis 
transmembrane conductance regulator (CFTR) cDNA, Ad.CB-CFTR.  A single dose of 108, 3 x 109 or 1011 
pfu/ml will be administered to the nasal cavity of 3 patients in each dose group.  Patients will be monitored by 
nasal lavage and biopsy to assess safety and restoration of normal epithelial function. (Protocol #9303-042) 
 
Appendix D-58.  Dr. Joyce A. O'Shaughnessy of the National Institutes of Health, Bethesda, Maryland, may 
conduct experiments on 18 patients (18-60 years old) with Stage IV breast cancer who have achieved a partial 
or complete response to induction chemotherapy.  This study will determine the feasibility of obtaining 
engraftment of CD34(+) hematopoietic stem cells transduced by a retroviral vector, G1MD, and expressing a 
cDNA for the human multi-drug resistance-1 (MDR-1) gene following high dose chemotherapy, and whether the 
transduced MDR-1 gene confers drug resistance to hematopoietic cells and functions as an in vivo dominant 
selectable marker.  Patients will be monitored for evidence of myeloprotection and presence of the transduced 
MDR-1 gene." (Protocol #9309-054) 
 
Appendix D-59.  Drs. Larry E. Kun, R. A. Sanford, Malcolm Brenner, and Richard L. Heideman of St. Jude 
Children's Research Hospital, Memphis, Tennessee, and Dr. Edward H. Oldfield of the National Institutes of 
Health, Bethesda, Maryland, may conduct experiments on 6 patients (3-21 years old) with progressive or 
recurrent malignant supratentorial tumors resistant to standard therapies.  Mouse cells producing the retroviral 
vector containing the herpes simplex thymidine kinase  gene (G1TKSVNa) will be instilled into the tumor areas 
via multiple stereotactically placed cannulas.  Patients will be treated with ganciclovir to eliminate cells 
expressing the transduced gene.  Patients will be monitored for central nervous system, hematologic, renal or 
other toxicities, and for anti-tumor responses by magnetic resonance imaging studies. (Protocol #9309-055) 
 
Appendix D-60.  The physical containment level may be reduced from Biosafety Level 3 to Biosafety Level 2 for 
a Semliki Forest Virus (SFV) vector expression system of Life Technologies, Inc., Gaithersburg, Maryland. 
 
Appendix D-61.  Dr. Albert B. Deisseroth of the University of Texas MD Anderson Cancer Center, Houston, 
Texas, may conduct experiments on 10 patients (≥ 16 to ≤ 60 years of age) with chronic lymphocytic leukemia.  
Autologous peripheral blood and bone marrow cells will be removed from patients following chemotherapy and 
marked by transduction with two distinguishable retroviral vectors, G1Na and LNL6, containing the neomycin 
resistance gene.  The gene marked cells will be reinfused into patients to determine the efficiency of bone 
marrow purging and the origin of relapse following autologous bone marrow transplantation. (Protocol #9209-
030) 
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Appendix D-62.  Dr. Jonathan Simons of the Johns Hopkins Oncology Center, Baltimore, Maryland, may 
conduct experiments on 26 patients (≥ 18 years of age) with metastatic renal cell carcinoma to evaluate the 
safety and tolerability of intradermally injected autologous irradiated tumor cells transduced with the retrovirus 
vector, MFG, containing the human granulocyte-macrophage colony stimulating factor gene.  Acute and long-
term clinical toxicities and in vitro and in vivo induction of specific anti-tumor immune responses will be 
monitored. (Protocol #9303-040) 

Appendix D-63.  Dr. Albert B. Deisseroth of the University of Texas MD Anderson Cancer Center, Houston, 
Texas, may conduct experiments on 20 patients (≥ 18 and ≤ 60 years old) with ovarian cancer.  A murine viral 
vector was constructed from the third generation of L series retroviruses with the insert of the human multi-drug 
resistance-1 (MDR-1) transduced gene.  The investigators will assess the safety and feasibility of administering 
CD34 (+) autologous peripheral blood and bone marrow cells.  Patients will be monitored for the presence of the 
MDR-1 gene and for the effect of gene transfer on hematopoietic function following the transplantation. (Protocol 
#9306-044) 

Appendix D-64.  Dr. Joseph Ilan of the Case Western Reserve University School of Medicine and University 
Hospital of Cleveland, Cleveland, Ohio, may conduct experiments on 12 patients (≥ 18 years of age) with 
advanced brain cancer.  Human malignant glioma tumor cells will be cultured, transfected with Epstein-Barr 
virus (EBV)-based vector, anti-Insulin growth factor-I, lethally irradiated, and injected subcutaneously into 
patients in an attempt to express antisense Insulin growth factor-1.  Patients will be monitored for toxicity and 
immunologic responses to the vector. (Protocol #9306-052) 

Appendix D-65.  Drs. James S. Economou and John Glaspy of the University of California, Los Angeles, 
California, may conduct experiments on 30 patients (≥ 18 to ≤ 70 years of age) with metastatic melanoma.  A 
human melanoma cell line (M-24) will be transduced with the retroviral vector, G1NaCvi2, expressing the human 
interleukin-2 (IL-2) gene.  The IL-2 producing cells will be mixed with the patient's autologous tumor cells, 
irradiated, and injected subcutaneously in an attempt to enhance the tumor-specific immunologic response.  
Patients will be monitored for toxicity, in vitro and in vivo immunologic responses, and clinical anti-tumor effects. 
(Protocol #9309-058) 

Appendix D-66.  Drs. Peter Cassileth, Eckhard R. Podack, and Kasi Sridhar of the University of Miami, and 
Niramol Savaraj of the Miami Veterans Administration Hospital, Miami, Florida, may conduct experiments on 12 
patients (≥ 18 years of age) with limited stage small cell lung cancer.  Autologous tumor cells will be removed, 
expanded in culture, and transduced by lipofection with the BMG-Neo-hIL2 vector (derived from bovine 
papilloma virus).  The objective of this protocol is to demonstrate the safety and efficacy of administering IL-2 
transduced autologous tumor cells in an attempt to stimulate a tumor-specific cytotoxic T lymphocyte (CTL) 
response, and to determine the quantity and characteristics of the CTL that have been generated. (Protocol 
#9309-053) 

Appendix D-67.  Drs. Edward H. Oldfield and Zvi Ram of the National Institutes of Health, Bethesda, Maryland, 
may conduct experiments on 20 patients (≥ 18 years of age) with leptomeningeal carcinomatosis.  The patients 
will receive intraventricular or subarachnoid injection of murine vector producing cells containing the retroviral 
vector, G1Tk1SvNa.  Tumor cells expressing the herpes simplex thymidine kinase gene will be rendered 
sensitive to killing by subsequent administration of ganciclovir.  Patients will be monitored for safety and anti-
tumor response by magnetic resonance imaging (MRI) and cerebral spinal fluid cytological analysis. (Protocol 
#9312-059) 

Appendix D-68.  Drs. Tapas K. Das Gupta and Edward P. Cohen of the University of Illinois College of 
Medicine, Chicago, Illinois, may conduct experiments on 12 subjects who differ in at least 3 out of 6 alleles at 
the Class I histocompatibility locus (≥ 18 years of age) with Stage IV malignant melanoma.  The subjects will be 
immunized with a lethally irradiated allogeneic human melanoma cell line transduced with the human 
interleukin-2 expressing retroviral vector, pZipNeoSv-IL-2.  Subjects will be monitored for toxicity, induction of B 
and T cell antitumor responses in vitro and in vivo, and any clinical evidence of antitumor effect. (Protocol 
#9309-056) 

Appendix D-69A.  Dr. Michael J. Welsh of the Howard Hughes Medical Institute, Iowa City, Iowa, may conduct 
experiments on 20 patients (≥ 18 years of age) with cystic fibrosis.  The investigator will administer increasing 
doses of either of the two adenovirus vectors, AD2/CFTR-1 or AD2-ORF6/PGK-CFTR, to the nasal epithelium of 
10 patients (1 nostril) or maxillary sinus epithelium of 10 patients (1 maxillary sinus).  Patients will be isolated for 
a period of 24 hours following vector administration; however, if 1 patient demonstrates secreted virus at 24 
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hours, the investigator will notify the Recombinant DNA Advisory Committee for reconsideration of the isolated 
period.  Patients will be assessed for the safety and efficacy of multiply administration of adenovirus vectors 
encoding the cystic fibrosis transmembrane conductance regulator (CFTR) gene.  (Protocol #9312-067) 
 
Appendix D-69B.  Dr. Richard Haubrich of the University of California at San Diego Treatment Center, San 
Diego, California, may conduct experiments on 25 human immunodeficiency virus (HIV)-infected, seropositive, 
asymptomatic subjects (≥ 18 to ≤ 65 years of age).  Subjects will receive 3 monthly intramuscular injections of 
the retroviral vector, N2/IIIB env/rev, which encodes for HIV-1 IIIB env/rev proteins.  The objective of the study is 
to induce HIV-1- specific CD8(+) cytotoxic T lymphocyte and antibody responses in order to eliminate HIV-
infected cells and residual virus.  This Phase I/II study will evaluate acute toxicity, identify long-term treatment 
effects, and evaluate the disease progression. (Protocol #9312-062) 
 
Appendix D-70.  Dr. Mario Sznol of the National Institutes of Health, Frederick, Maryland, may conduct 
experiments on 50 subjects (≥ 18 years of age) with advanced stage melanoma.  Subjects will receive 
subcutaneous injections of lethally irradiated allogeneic melanoma cells that have been transduced by 
lipofection with the plasmid DNA vector, CMV-B7, derived from bovine papilloma virus to express the human B7 
antigen.  The B7 antigen, which binds to the CD28 receptor of T cells, will serve as a co-stimulatory signal to 
elicit an antitumor immune response.  Subjects will be monitored for induction of cytotoxic T lymphocyte, 
antitumor responses in vitro and in vivo and any clinical evidence of antitumor effect. (Protocol #9312-063) 
 
Appendix D-71.  Dr. Joseph Rubin of the Mayo Clinic, Rochester, Minnesota, may conduct experiments on 15 
subjects with hepatic metastases from advanced colorectal cancer (≥ 18 years of age).  Subjects will receive 
intratumoral hepatic injections of the plasmid DNA/lipid complex, pHLA-B7/β-2 microglobulin, expressing a 
heterodimeric cell surface protein consisting of the HLA-B7 histocompatibility antigen and β-2 microglobulin.  
Subjects must be HLA-B7 negative.  The objective of this study is to determine a safe and effective dose of the 
DNA/lipid complex.  Subjects will be monitored for antigen-specific immune responses and in vivo HLA-B7 
expression. (Protocol #9312-064) 
 
Appendix D-72.  Dr. Nicholas J. Vogelzang of the University of Chicago Medical Center, Chicago, Illinois, may 
conduct experiments on 15 subjects with metastatic renal cell carcinoma ≥ 18 years of age.  Subjects will 
receive intratumoral injections of the plasmid DNA/liposome vector pHLA-B7/β-2 microglobulin, expressing a 
heterodimeric cell surface protein consisting of the HLA-B7 histocompatibility antigen and β-2 microglobulin.  
Subjects must be HLA-B7 negative.  Subjects will be monitored for antigen-specific immune responses and in 
vivo HLA-B7 expression. (Protocol #9403-071) 
 
Appendix D-73.  Dr. Evan M. Hersh of the Arizona Cancer Center and Drs. Emmanuel Akporiaye, David Harris, 
Alison T. Stopeck, Evan C. Unger, and James A. Warneke of the University of Arizona, Tucson, Arizona, may 
conduct experiments on 15 subjects with metastatic malignant melanoma ≥ 18 years of age.  Subjects will 
receive intratumoral injections of the plasmid DNA/liposome vector, pHLA-B7/β-2 microglobulin, expressing a 
heterodimeric cell surface protein consisting of the HLA-B7 histocompatibility antigen and β-2 microglobulin.  
Subjects must be HLA-B7 negative.  Subjects will be monitored for antigen-specific immune responses and in 
vivo HLA-B7 expression. (Protocol #9403-072) 
 
Appendix D-74.  Dr. Ralph Freedman of MD Anderson Cancer Center, Houston, Texas, may conduct gene 
marking experiments on 9 subjects with ovarian carcinoma or peritoneal carcinomatosis (≥ 16 years of age).  
Autologous CD3(+)/CD8(+) tumor infiltrating lymphocyte derived T cells will be transduced with the retroviral 
vector G1Na that encodes for neoR.  Subjects will receive intraperitoneal administration of bulk expanded 
transduced and nontransduced T cells and recombinant interleukin-2.  Previously documented tumor sites and 
normal tissues will be monitored for neoR and the proportion of CD3(+)/CD8(+) T cells will be determined.  
(Protocol #9406-075) 
 
Appendix D-75.  Drs. Helen Heslop, Malcolm Brenner, and Robert Krance of St. Jude Children’s Research 
Hospital, Memphis, Tennessee, may conduct gene marking experiments on 20 subjects undergoing autologous 
bone marrow transplantation for therapy of leukemia or solid tumor (< 21 years of age).  The distinguishable 
retroviral vectors, LNL6 and G1Na (both encoding neoR), will be used to determine the rate of reconstitution of 
untreated versus cytokine expanded CD34(+) selected autologous bone marrow cells.  (Protocol #9406-076) 
 
Appendix D-76.  Drs. Albert Deisseroth, Gabriel Hortobagyi, Richard Champlin, and Frankie Holmes of MD 
Anderson Cancer Center, Houston, Texas, may conduct experiments on 10 fully evaluable subjects (maximum 
of 20 entered) with Stage III or IV breast cancer (≥ 18 and ≤ 60 years of age).  Subjects will receive autologous 
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CD34(+) peripheral blood cells that have been transduced with the retroviral vector, pVMDR-1, which encodes 
the multi-drug resistance gene.  The objective of this study is to evaluate the safety and feasibility of transducing 
early hematopoietic progenitor cells with pVMDR-1 and to determine in vivo selection of chemotherapy resistant 
hematopoietic cells.  (Protocol #9406-077) 
 
Appendix D-77.  Drs. Johnson M. Liu and Neal S. Young of the National Institutes of Health, Bethesda, 
Maryland, may conduct experiments on 6 patients with Fanconi anemia (≥ 5 years of age).  Subjects will receive 
autologous CD34(+) cells that have been transduced with the retroviral vector, FACC, which encodes the 
normal Fanconi anemia complementation group C gene.  The objective of this study is to determine whether 
autologous FACC transduced hematopoietic progenitor cells can be safely administered to subjects, the extent 
of engraftment, and correction of cell phenotype.  (Protocol #9406-078) 
 
Appendix D-78.  Drs. Robert E. Sobol and Ivor Royston of the San Diego Regional Cancer Center, San Diego, 
California, may conduct experiments on 15 subjects with recurrent residual glioblastoma multi-forme (≥ 18 years 
of age). Subjects will receive subcutaneous injections of autologous tumor cells that have been lethally 
irradiated and transduced with the retroviral vector, G1NaCvi2.23, which encodes for interleukin-2.  Subjects will 
be monitored in vitro for cellular and humoral antitumor responses and in vivo for antitumor activity.  (Protocol 
#9406-080) 
 
Appendix D-79.  Dr. Alfred E. Chang of the University of Michigan Medical Center, Ann Arbor Michigan, may 
conduct gene marking experiments on 15 subjects with metastatic melanoma (≥ 18 years of age).  Subjects will 
undergo adoptive immunotherapy of anti-CD3/interleukin-2 activated lymph node cells that have been primed in 
vivo with tumor cells that have been transduced with the retrovirus vector, GBAH4, encoding the gene for 
interleukin-4.  The investigator will evaluate the antitumor efficacy and in vivo immunological reactivity in 
subjects receiving adoptively transferred T cells, and the in vitro immunological reactivities of the activated T 
cells that might correlate with their in vivo antitumor function.  (Protocol #9312-065) 
 
Appendix D-80.  Dr. Robert Walker of the National Institutes of Health, Bethesda, Maryland, may conduct gene 
marking experiments on 40 HIV(+) subjects (≥ 18 years of age).  The investigator may also enter an additional 
number of subjects (to be determined by the investigator) who will receive a single administration of 1 x 107 HIV-
specific CD8(+) cells.  The investigator will:  (1) Assess the safety and tolerance of the adoptive transfer of anti-
HIV cytotoxic, syngeneic, CD8(+) peripheral blood lymphocytes that have been transduced with the retrovirus  
vector, rkat4svgF3e-, that encodes for a universal chimeric T cell receptor.  (2) Determine the longevity of the 
genetically marked CD8(+) lymphocytes in the subject's peripheral blood.  (Protocol #9403-069) 
 
Appendix D-81.  Dr. Joseph Rosenblatt of the University of California, Los Angeles, California, and Dr. Robert 
Seeger of Children’s Hospital, Los Angeles, California, may conduct gene transfer experiments on 18 subjects 
with neuroblastoma (≤ 21 years of age).  Patients at high risk of relapse with minimal or no detectable disease 
following myeloablative therapy and autologous bone marrow transplantation, or patients with progressive or 
persistent disease despite conventional therapy will be serially immunized with autologous or allogeneic 
neuroblastoma cells transduced to express γ interferon.  Cells will be transduced with the retroviral vector, 
pHuγ-IFN, encoding the human gene for γ interferon and lethally irradiated prior to use as an immunogen.  The 
objectives of the study are: (1) to determine the maximum tolerable dose of transduced cells; (2) to determine 
the local, regional, and systemic toxicities of injected cells; and (3) to determine the antitumor response in vivo 
as measured by standard clinical tests and immunocytologic evaluation of marrow metastases.  (Protocol 
#9403-068) 
 
Appendix D-82.  Dr. Kenneth L. Brigham of Vanderbilt University, Nashville, Tennessee, may conduct gene 
transfer experiments on 10 subjects (≤ 21 years of age) in two different patient protocols (5 for each protocol).  
Both protocols will use the same DNA/liposome preparations to deliver a plasmid DNA construct, pCMV4-AAT, 
encoding human alpha-1 antitrypsin gene driven by a cytomegalovirus promoter.  In patients scheduled for 
elective pulmonary resection, the DNA/liposome complexes will be instilled through a fiber optic bronchoscope 
into a subsegment of the lung.  Tissues of the lung will be obtained at the time of surgery.  Transgene 
expression will be assessed by immunohistochemistry, in situ hybridization, and Western and Northern blot 
analyses.  The effect of DNA/liposome complex administration on the histological appearance of the lung will 
also be evaluated.  In patients with alpha-1 antitrypsin deficiency, the DNA/liposome complexes will be instilled 
into the nostril.  Transgene expression will be determined in cells obtained by nasal lavage and nasal scraping, 
and the time course of transgene expression will be measured.  The secretion of the alpha-1 antitrypsin protein 
in nasal fluid will be determined.  Histological appearance of nasal mucosa will also be examined.  The study will 
assess safety and feasibility of gene delivery to the human respiratory tract.  (Protocol #9403-070) 
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Appendix D-83.  Dr. H. Kim Lyerly of Duke University Medical Center, Durham, North Carolina, may conduct 
gene transfer experiments on 20 subjects with refractory or recurrent metastatic breast cancer (≥ 18 years of 
age).  Autologous breast cancer cells will be transduced with the DNA/liposome complex, pMP6-IL2, containing 
a plasmid DNA vector derived from adeno-associated virus (AAV) that expresses the gene for human 
interleukin-2.  Subjects will receive 4 subcutaneous injections of lethally irradiated tumor cells transduced with 
the DNA/liposome complex prior to injection.  The objective of this study is to:  (1) evaluate the safety and 
toxicity of the treatment, (2) determine the immunological effects, (3) determine the duration of clinical 
responses, and (4) measure patient survival.  (Protocol #9409-086) 
 
Appendix D-84.  Drs. Flossie Wong-Staal, Eric Poeschla, and David Looney of the University of California at 
San Diego, La Jolla, California, may conduct gene transfer experiments on 6 subjects (≥ 18 and ≤ 65 years of 
age) infected with human immunodeficiency virus-1 (HIV-1).  Autologous CD4(+) T lymphocytes will be 
transduced ex vivo with the retroviral vector, pMJT, expressing a hairpin ribozyme that cleaves the HIV-1 RNA 
in the 5' leader sequence.  The transduced cells will be expanded and reinfused into the patients.  The 
objectives of the study are: (1) to evaluate safety of reinfusing the transduced lymphocytes, (2) to compare (in 
vivo) the kinetics and survival of ribozyme-transduced cells with that of cells transduced with a control vector, (3) 
to determine in vivo expression of the ribozyme sequences in transduced lymphocytes, (4) to determine whether 
host immune responses directed against the transduced cells will occur in vivo, and (5) to obtain preliminary 
data on the effects of ribozyme gene therapy on in vivo HIV mRNA expression, viral burden and CD4(+) 
lymphocyte levels.  (Protocol #9309-057) 
 
Appendix D-85.  Dr. Friedrich Schuening of the Fred Hutchinson Cancer Research Center, Seattle, 
Washington, may conduct gene transfer experiments on 10 subjects (≥ 18 years of age) with Type I Gaucher's 
disease.  The peripheral blood repopulating cells (mobilized by patient pretreatment with recombinant 
granulocyte colony-stimulating factor) will be harvested and CD34(+) cells selected.  CD34(+) cells will be 
transduced ex vivo with the retroviral vector, LgGC, that encodes human glucocerebrosidase cDNA.  Following 
transduction, the transduced cells will be infused into the patient without myeloablative treatment.  The primary 
endpoint of this study is to examine the safety of infusing CD34(+) cells transduced with the human 
glucocerebrosidase cDNA.  Patients will be monitored for persistence and expression of the glucocerebrosidase 
gene in hematopoietic cells.  (Protocol #9312-061) 
 
Appendix D-86.  Dr. Terence R. Flotte of the Johns Hopkins Children's Center, Baltimore, Maryland, may 
conduct gene transfer experiments on 16 subjects (≥ 18 years of age) with mild cystic fibrosis (CF).  An adeno-
associated virus (AAV) derived vector, encoding cystic fibrosis transmembrane conductance regulator (CFTR) 
gene, (tgAAVCF), will be administered to nasal (direct) and airway (bronchoscope) epithelial cells.  This is a 
dose escalation study involving 8 cohorts.  Each subject will receive both intranasal and bronchial administration 
of the adenoviral vector at 4 escalating doses.  Nasal doses will range between 1 x 106 and 1 x 109 pfu.  Lung 
administration will range between 1 x 107 and 1 x 1010 pfu.  The primary goal of the study is to assess the safety 
of vector administration.  Respiratory and nasal epithelial cells will be evaluated for gene transfer, expression, 
and physiologic correction.  (Protocol #9409-083) 
 
Appendix D-87.  Drs. Jeffrey M. Isner and Kenneth Walsh of St. Elizabeth's Medical Center, Tufts University, 
Boston, Massachusetts, may conduct gene transfer experiments on 12 subjects (≥ 40 years of age) with 
peripheral artery disease (PAD).  A plasmid DNA vector, phVEGF165, encoding the human gene for vascular 
endothelial growth factor (VEGF) will be used to express VEGF to induce collateral neovascularization.  
Percutaneous arterial gene transfer will be achieved using an angioplasty catheter with a hydrogel coated 
balloon to deliver the plasmid DNA vector to the artery.  The objectives of the study are:  (1) to determine the 
efficacy of arterial gene therapy to relieve rest pain and/or heal ischemic ulcers of the lower extremities in 
patients with PAD; and (2) to document the safety of the phVEGF arterial gene therapy for therapeutic 
angiogenesis.  Subjects will undergo anatomic and physiologic examination to determine the extent of collateral 
artery development following phVEGF arterial gene therapy.  (Protocol #9409-088) 
 
Appendix D-88A.  Dr. Ronald G. Crystal of New York Hospital-Cornell Medical Center, New York, New York, 
may conduct gene transfer experiments on 26 patients (≥ 15 years of age) with cystic fibrosis (CF).  A 
replication deficient recombinant adenovirus vector will be used to transduce epithelial cells of the large bronchi 
with the E1/E3 deleted type 5 adenovirus vector, AdGVCFTR.10, which encodes the human cystic fibrosis 
transmembrane conductance regulator (CFTR) gene.  The objective of this study is to define the safety and 
pharmacodynamics of CFTR gene expression in airway epithelial cells following single administration of  
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escalating doses to the vector.  If single administration is determined to be safe, subjects will undergo repeat 
administration to localized areas of the bronchi.  (Protocol #9409-085) 
 
Appendix D-88B.  Drs. Eric J. Sorscher and James L. Logan of the University of Alabama, Birmingham, 
Alabama, may conduct gene transfer experiments on 9 subjects (≥18 years of age) with cystic fibrosis (CF).  
The normal human cystic fibrosis transmembrane conductance regulator (CFTR) gene will be expressed by a 
plasmid DNA vector, pKCTR, driven by the simian virus-40 (SV40) early gene promoter.  The CFTR DNA 
construct will be delivered by cationic liposome-based gene transfer to nasal epithelial cells.  The objectives of 
the study are to:  (1) evaluate the safety of lipid-mediated gene transfer to nasal epithelial cells (including local 
inflammation and mucosal tissue); and (2) evaluate efficacy as determined by correction of the chloride ion 
transport defect, and wild-type CFTR mRNA and protein expression. (Protocol #9312-066) 
 
Appendix D-89.  Dr. Steven M. Albelda of the University of Pennsylvania Medical Center, Philadelphia, 
Pennsylvania, may conduct gene transfer experiments on 12 subjects with advanced mesothelioma.  The 
adenovirus vector encoding the Herpes simplex virus thymidine kinase (HSV-TK) gene, H5.020RSVTK, will be 
administered through a chest tube to the pleural cavity.  Tumor biopsies will be assayed for gene transfer and 
expression.  Subjects will be monitored for immunological responses to the adenovirus vector.  Ganciclovir will 
be administered intravenously 14 days following vector administration.  The primary objective of this Phase I 
study is to evaluate the safety of direct adenovirus vector gene delivery to the pleural cavity of patients with 
malignant melanoma. (Protocol #9409-090) 
 
Appendix D-90.  Drs. Jeffrey Holt and Carlos B. Arteaga of the Vanderbilt University, Nashville, Tennessee, 
may conduct gene transfer experiments on 10 female patients (over 18 years of age) with metastatic breast 
cancer. Patient effusions from pleura or peritoneum will be drained and the fluid will be replaced with 
supernatant containing the retroviral vectors, XM6:antimyc or XM6:antifos, which express c-myc and c-fos 
antisense sequences, respectively, under the control of a mouse mammary tumor virus promoter.  The 
objectives of this study are to:  (1)  assess uptake and expression of the vector sequences in breast cancer cells 
present in pleural and peritoneal fluids, and determine if this expression is tumor specific, (2) assess the safety 
of localized administration of antisense retroviruses, and (3) monitor subjects for clinical evidence of antitumor 
response. (Protocol #9409-084) 
 
Appendix D-91.  Dr. Jack A. Roth of MD Anderson Cancer Center, Houston, Texas, may conduct gene transfer 
experiments on 14 non-small cell lung cancer subjects (≥ 18 and ≤ 80 years of age) who have failed 
conventional therapy and who have bronchial obstruction.  LNSX-based retroviral vectors containing the β-actin 
promoter will be used to express: (1) the antisense RNA of the K-ras oncogene (LN-K-rasB), and (2) the 
wildtype p53 tumor suppressor gene (LNp53B).  Tumor biopsies will be obtained to characterized K-ras and p53 
mutations.  Relative to their specific mutation, subjects will undergo partial endoscopic resection of the tumor 
bed followed by bronchoscopic administration of the appropriate retrovirus construct.  The objective of this study 
is to evaluate the safety and efficacy of intralesional administration of LN-K-rasB and LNp53 retrovirus 
constructs. (Protocol #9403-031) 
 
Appendix D-92.  Drs. Robert E. Sobol and Ivor Royston of the San Diego Regional Cancer Center, San Diego, 
California, may conduct gene transfer experiments on 12 subjects (≥ 18 years of age) with metastatic colon 
carcinoma.  The autologous skin fibroblasts will be transduced with the retroviral vector, LNCX/IL-2, which 
encodes the gene for human interleukin-2 (IL-2).  In this dose-escalation study, subjects will receive 
subcutaneous injections of lethally irradiated autologous tumor cells.  The objectives of the study are to: (1) 
evaluate the safety of subcutaneous administration of LNCX/IL-2 transduced fibroblasts, (2) determine in vivo 
antitumor activity, and (3) monitor cellular and humoral antitumor responses.  (Protocol #9312-060) 
 
Appendix D-93.  Dr. Michael Lotze of the University of Pittsburgh, Pittsburgh, Pennsylvania, may conduct gene 
transfer experiments on 18 subjects (≥ 18 years of age) with advanced melanoma, 6 with T-cell lymphoma, 
breast cancer, or head and neck cancer.  Subjects should have accessible cutaneous tumors, and have failed 
standard therapy.  Over 4 weeks, subjects will receive a total of 4 intratumoral injections of autologous 
fibroblasts transduced with the retrovirus vector, TFG-hIL-12-Neo.  This vector, which consists of the murine 
MFG backbone, expresses both the p35 and p40 subunits of interleukin-12 (IL-12) and the neoR selection 
marker.  The objectives of the study are to:  (1) define the local and systemic toxicity associated with peritumoral 
injections of gene-modified fibroblasts, (2) examine the local and systemic immunomodulatory effects of these 
injections, and (3) evaluate clinical antitumor efficacy.  (Protocol #9406-081) 
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Appendix D-94.  Drs. Evan Hersh, Emmanuel Akporiaye, David Harris, Alison Stopeck, Evan Unger, James 
Warneke, of the Arizona Cancer Center, Tucson, Arizona, may conduct gene transfer experiments on 25 
subjects (≥ 18 years of age) with solid malignant tumors or lymphomas.  A plasmid DNA/lipid complex 
designated as VCL-1102 (IL-2 Plasmid DNA/DMRIE/DOPE) will be used to transduce the human gene for 
interleukin-2 (IL-2).  Patients with advanced cancer who have failed conventional therapy will undergo a 
procedure in which VCL-1102 is injected directly into the tumor mass to induce tumor-specific immunity.  The 
objectives of the study are to:  (1) determine safety and toxicity associated with escalating doses of VCL-1102; 
(2) confirm IL-2 expression in target cells; (3) determine biological activity and pharmacokinetics; and (4) 
determine whether IL-2 expression stimulates tumor regression in subjects with metastatic malignancies.  
(Protocol #9412-095) 

Appendix D-95.  Drs. Richard Morgan and Robert Walker of the National Institutes of Health, Bethesda, 
Maryland, may conduct gene transfer experiments on 48 human immunodeficiency virus (HIV) seropositive 
subjects (≥ 18 years of age).  This Phase I/II study involves identical twins (one HIV seropositive and the other 
HIV seronegative).  CD4(+) T cells will be enriched following apheresis of the HIV seronegative twin, induced to 
polyclonal proliferation with anti-CD3 and recombinant IL-2, transduced with either the LNL6/NeoR or 
G1Na/NeoR, and transduced with up to 2 additional retroviral vectors (G1RevTdSN and/or GCRTdSN(TAR)) 
containing potentially therapeutic genes (antisense TAR and/or transdominant Rev).  These T cell populations 
will be expanded 10 to 1,000 fold in culture for 1 to 2 weeks and reinfused into the HIV seropositive twin.  
Subjects will receive up to 4 cycles of treatment using identical or different combinations of control and anti-HIV 
retrovirus vectors.  The relative survival of these transduced T cell populations will be monitored by vector-
specific polymerase chain reaction, while the subjects' functional immune status is monitored by standard in 
vitro and in vivo assays.  (Protocol #9503-103) 

Appendix D-96.  Dr. Harry L. Malech of the National Institutes of Health, Bethesda, Maryland, may conduct 
gene transfer experiments on 2 subjects ≥ 18 years of age (with or without concurrent serious infection), and 3 
subjects ≥ 18 years of age (with or without concurrent serious infection) or minors 13-17 years of age who have 
concurrent serious infection who have chronic granulomatous disease (CGD).  CGD is an inherited immune 
deficiency disorder in which blood neutrophils and monocytes fail to produce antimicrobial oxidants (p47phox 
mutation) resulting in recurrent life-threatening infections.  Subjects will undergo CD34(+) mobilization with 
granulocyte colony stimulating factor (G-CSF).  These CD34(+) cells will be transduced with the retrovirus 
vector, MFG-S-p47phox, which encodes the gene for normal p47phox.  The objectives of this study are to:  (1) 
determine the safety of administering MFG-S-p47phox transduced CD34(+) cells, and (2) demonstrate increased 
functional oxidase activity in circulating neutrophils.  (Protocol #9503-104) 

Appendix D-97.  Drs. Chris Evans and Paul Robbins of the University of Pittsburgh, Pittsburgh, Pennsylvania, 
may conduct gene transfer experiments on 6 subjects (≥ 18 and ≤ 76 years of age) with rheumatoid arthritis.  
Rheumatoid arthritis is a chronic, progressive disease thought to be of autoimmune origin.  A gene encoding an 
interleukin-1 receptor antagonist protein (IRAP) will be delivered to the rheumatoid metacarpal-phalangeal joints 
to determine the autoimmune reactions can be interrupted.  The vector construct, DFG-IRAP, is based on the 
MFG murine retrovirus vector backbone, and encodes the human IRAP gene.  Synovial fibroblasts will be 
generated from the rheumatoid arthritic joint tissue obtained from patients who are scheduled to undergo 
surgery.  The fibroblasts will be transduced with the DFG-IRAP vector, and the transduced cells injected into the 
synovial space.  The synovial fluid and joint material will be collected 7 days later to determine the presence and 
location of the transduced synovial fibroblasts and the level of IRAP in the joint fluid.  (Protocol 9406-074) 

Appendix D-98.  Dr. R. Scott McIvor of the University of Minnesota, Minneapolis, Minnesota, may conduct gene 
transfer experiments on 2 children with purine nucleoside phosphorylase (PNP) deficiency.  PNP deficiency 
results in severe T-cell immunodeficiency, an autosomal recessive inherited disease which is usually fatal in the 
first decade of life.  Autologous peripheral blood lymphocytes will be cultured in an artificial capillary cartridge in 
the presence of anti-CD3 monoclonal antibody and interleukin-2 and transduced with the retroviral vector, 
LPNSN-2, encoding human PNP.   Subjects will undergo bimonthly intravenous administration of transduced T 
cells for a maximum of 1 year.  The objectives of the study are to determine:  (1) the safety of intravenous 
administration of transduced T cells in children with PNP deficiency, (2) the efficiency of PNP gene transfer and 
duration of gene expression in vivo, and (3) the effect of PNP gene transfer on immune function.  (Protocol 
#9506-110) 
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Appendix D-99.  Drs. Nikhil C. Munshi and Bart Barlogie of the University of Arkansas School for Medical 
Sciences, Little Rock, Arkansas, may conduct gene transfer experiments on 21 subjects (>18 and <65 years of 
age) with relapsed or persistent multiple myeloma who are undergoing T cell depleted allogeneic bone marrow 
transplantation.  Donor peripheral blood lymphocytes will be cultured in vitro with interleukin-2 and anti-CD3 
monoclonal antibody.  T cell depleted lymphocytes will be transduced with the retroviral construct, 
G1Tk1SvNa.7, which encodes the Herpes simplex virus thymidine kinase (HSV-TK) gene.  The transduced cells 
will be reinfused.  In this dose escalation study, 3 subjects will undergo cell-mediated gene transfer per cohort 
(maximum of 5 cohorts) until Grade III or IV Graft versus Host Disease (GVHD) is observed.  A maximum of 6 
additional patients may be entered at that maximum tolerated dose.  The objectives of this study are to 
determine the:  (1) safety of transduced donor cell infusions, (2) effectiveness of donor cell infusions in 
decreasing the effects of severe GVHD, (3) effectiveness of donor cell infusions in prolonging multiple myeloma 
remission, and (4) effectiveness of ganciclovir in eliminating donor cells for the purpose of preventing the 
depletion of erythrocytes.  (Protocol #9506-107) 
 
Appendix D-100.  Dr. Wayne A. Marasco of Dana-Farber Cancer Institute, Boston, Massachusetts, may 
conduct gene transfer experiments on 6 subjects (≥ 18 and ≤ 65 years of age) with human immunodeficiency 
virus type-1 (HIV-1).  Autologous lymphocytes from asymptomatic subjects will be transduced ex vivo with a 
retroviral vector, LNCs105, encoding the sFv105 antibody specific for the HIV-1 envelope protein.  An identical 
aliquot will be simultaneously transduced with a control retroviral vector lacking the sFv105 cassette.  
Transduced cells will be reinfused into patients and the differential survival of both populations of CD4+ 
lymphocytes compared.  The objective of the study is to determine whether the intracellular expression of a 
human single chain antibody against HIV-1 envelope glycoprotein gp160 that blocks gp160 processing and the 
production of infectious virions can safely prolong the survival of CD4(+) lymphocytes in HIV-1-infected subjects.  
(Protocol #9506-111) 
 
Appendix D-101.  Dr. Henry Dorkin of the New England Medical Center, Boston, Massachusetts, and Dr. Allen 
Lapey of Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, propose to conduct 
gene transfer experiments on 16 subjects (≥ 18 years of age).  An E1/partial E4-deleted, replication-deficient, 
type 2 adenovirus vector, AD2/CFTR-2, will be used to deliver the human cystic fibrosis transmembrane 
conductance regulator (CFTR) gene by aerosol administration (nebulization) to the lung of CF patients.   Aerosol 
administration will be initiated only after initial safety data has been obtained from the lobar administration 
protocol (#9409-091).  This is a single administration dose-escalation study in which subjects will receive 
between 8 x 106 and 2.5 x 1010 pfu.  Subjects will be assessed for evidence of adverse, systemic, immune, 
inflammatory, or respiratory effects in response to AD2/CFTR-2.  Subjects will be monitored for virus shedding 
and transgene expression.  Health care workers present in the facility will be required to sign an Informed 
Consent document regarding the possibility of virus transmission.  (Protocol #9412-074) 
 
Appendix D-102.  Drs. Charles J. Link and Donald Moorman of the Human Gene Therapy Research Institute, 
Des Moines, Iowa, may conduct gene transfer experiments on 24 female subjects (≥ 18 years of age) with 
refractory or recurrent ovarian cancer.  Subjects will undergo intraperitoneal delivery (via Tenkhoff catheter) of 
the vector producing cells (VPC), PA317/LTKOSN.2.  These VPC express the Herpes simplex virus thymidine 
kinase (HSV-TK) gene which confers sensitivity to killing by the antiviral drug, ganciclovir (GCV).  The 
LTKOSN.2 retrovirus vector is based on the LXSN backbone.  Two weeks following intraperitoneal delivery of 
the VPC, subjects will receive 5 mg/kg intravenous GCV twice daily for 14 days.  Subjects will receive between 
1 x 105 and 1 x 108 VPC/kg in this dose escalation study.  Subjects will be evaluated by X-ray and 
peritoneoscopy of the abdomen for evidence of clinical response.  The objectives of this study are to determine 
the safety of intraperitoneal VPC administration.  (Protocol #9503-100) 
 
Appendix D-103.  Dr. David T. Curiel of the University of Alabama, Birmingham, Alabama, may conduct gene 
transfer experiment of 15 subjects (≥ 18 years of age) with metastatic colorectal cancer.  Subjects will receive 
intramuscular injection of the polynucleotide vaccine, pGT63, which is a plasmid DNA vector expressing 
carcinoembryonic antigen (CEA) and hepatitis B surface antigen (HBsAg).  The objectives of the study are to:   
(1) characterize the immune response to CEA and HBsAg following a single intramuscular injection and 
following 3 consecutive intramuscular injections, and (2) determine the safety of intramuscular injection of the 
plasmid DNA vector at doses ranging between 0.1 to 1.0 milligrams (single dose) and 0.9 to 3.0 milligrams (total 
multidose). (Protocol #9506-073) 
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Appendix D-104.  Dr. Chester B. Whitley of the University of Minnesota, Minneapolis, Minnesota, may conduct 
gene transfer experiments on two adult subjects (18 years of age or older) with mild Hunter syndrome 
(Mucopolysaccharidosis Type II).  The autologous peripheral blood lymphocytes will be transduced ex vivo with 
the retroviral vector, L2SN, encoding the human cDNA for iduronate-2-sulfatase (IDS).  The transduced 
lymphocytes will be reinfused into the patients on a monthly basis.  The study will determine the frequency of 
peripheral blood lymphocyte transduction and the half-life of the infused cells.  Evaluation of patients will include 
measurement of blood levels of IDS enzyme, assessment of metabolic correction by urinary glycosaminoglycan 
levels, clinical response of the disease, and monitoring for potential toxicity.  This Phase I study is to 
demonstrate the safety of the L2SN-mediated gene therapy and to provide a preliminary evaluation of clinical 
efficacy.  (Protocol #9409-087) 
 
Appendix D-105.  Drs. James Economou, John Glaspy, and William McBride of the University of California, Los 
Angeles, California, may conduct gene transfer experiments on 25 subjects (≥ 18 years of age) with metastatic 
melanoma.  The protocol is an open label, Phase I trial to evaluate the safety and immunological effects of 
administering lethally irradiated allogeneic and autologous melanoma cells transduced with the retroviral vector, 
IL-7/HyTK, which encodes the gene for human interleukin-7 (IL-7).  Subjects will receive 1 x 107 irradiated 
unmodified autologous tumor cells in combination with escalating doses of IL-7/HyTK transduced allogeneic 
melanoma cells (M24 cell line).  The number of M24 cells administered will be adjusted based on the level of IL-
7 expression.  Subjects will receive 3 biweekly subcutaneous injections of M24 cells expressing 10, 100, or 
1000 nanograms of IL-7/hour in vivo.  A final cohort of 5 subjects will receive IL-7/HyTK transduced autologous 
cells.  Subjects will be monitored for antitumor activity by skin tests, biopsy analysis, tumor-specific antibody 
activity, and cytotoxic T lymphocyte precursor evaluation.  Non-immunologic parameters will also be monitored. 
(Protocol #9503-101) 
 
Appendix D-106.  Dr. Jack A. Roth, MD Anderson Cancer Center, may conduct gene transfer experiments on 
42 subjects (≥ 18 years of age) with refractory non-small cell lung cancer (NSCLC).  Subjects will receive direct 
intratumoral injection of a replication-defective type 5 adenovirus vector, AD5CMV-p53, to deliver the normal 
human p53 tumor suppressor gene.  The E1 region of AD5CMV-p53 has been replaced with a p53 expression 
cassette containing the human cytomegalovirus promoter (CMV).  Subjects will be divided into 2 treatment 
groups:  (1) 21 subjects will receive Ad5CMV-p53 alone, and (2) 21 subjects will receive Ad5CMV-p53 in 
combination with cisplatin.  Following vector administration, subjects will be isolated for 96 hours during which 
time, assays will be conducted to demonstrate the lack of shedding of adenovirus vector.  The objectives of this 
study are determine:  (1) the maximum tolerated dose of AD5CMV-p53, (2) qualitative and quantitative toxicity 
related to vector administration, and (3) biologic activity. 
 
Prior to administration, adenovirus vector stocks will be screened for p53 mutants using the SAOS 
osteosarcoma cell assay that was submitted by Dr. Roth on June 23, 1995.  This biologic assay compares the 
activity of a standard stock of Adp53 vector to the activity of newly produced stocks.  The standard stock of 
Adp53 will be defined as mediating cell death in 100% of SAOS cells (human osteosarcoma cell line with 
homozygous p53 deletion) at an MOI of 50:1 (titer > 5 x 1010) on day 5 of culture.  The sensitivity of the assay 
for detecting inactive (presumed mutant) Adp53 vector will be determined by adding increasing amounts of 
Adluc (control adenovirus vector containing the luciferase gene) to the Adp53 stock to determine the percentage 
of inactive vector required to decrease growth inhibition of SAOS cells mediated by Adp53.  The test lot of 
Adp53 will be tested for its ability to inhibit SAOS in a 5 day assay.  Significant loss of inhibitory activity 
compared with the standard would indicate an unacceptable level of inactive (presumed mutant) vector. 
(Protocol #9406-079) 
 
Appendix D-107A.  Dr. Gary Clayman. M.D. Anderson Cancer Center, Houston, Texas, may conduct gene 
transfer experiments on 21 subjects (≥ 18 years of age) with refractory squamous cell carcinoma of the head 
and neck.  Subjects will receive direct intratumoral injection of a replication-defective type 5 adenovirus vector, 
AD5CMV-p53, to deliver the normal human p53 tumor suppressor gene.  The E1 region of AD5CMV-p53 has 
been replaced with a p53 expression cassette containing the human cytomegalovirus promoter (CMV).  
Subjects will be divided into 2 treatment groups: (1) those with non-resectable tumors, and (2) those with 
surgically accessible tumors.  Subjects will receive multiple injections of vector in each dose-escalation cohort.  
Following vector administration, subjects will be isolated for 48 hours during which time, assays will be 
conducted to demonstrate the lack of shedding of adenovirus vector.  The objectives of the study are to 
determine: (1) the maximum tolerated dose of AD5CMV-p53, (2) qualitative and quantitative toxicity related to 
vector administration, and (3) biologic activity. 
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Prior to administration, adenovirus vector stocks will be screened for p53 mutants using the SAOS 
osteosarcoma cell assay that was submitted by Dr. Roth on June 23, 1995.  This biologic assay compares the 
activity of a standard stock of Adp53 vector to the activity of newly produced stocks.  The standard stock of 
Adp53 will be defined as mediating cell death in 100% of SAOS cells (human osteosarcoma cell line with 
homozygous p53 deletion) at an MOI of 50:1 (titer > 5x1010) on day 5 of culture.  The sensitivity of the assay for 
detecting inactive (presumed mutant) Adp53 vector will be determined by adding increasing amounts of Adluc to 
the Adp53 stock to determine the percentage of inactive vector required to decrease growth inhibition of SAOS 
cells mediated by Adp53.  The test lot of Adp53 will be tested for its ability to inhibit SAOS in a 5 day assay.  
Significant loss of inhibitory activity compared with the standard would indicate an unacceptable level of inactive 
(presumed mutant) vector.  (Protocol #9412-096) 
 
Appendix D-107B.  Drs. Bernard A. Fox and Walter J. Urba of Earle A. Chiles Research Institute, Providence 
Medical Center, Portland, Oregon, may conduct gene transfer experiments on 18 subjects (≥ 18 years of age) 
with metastatic renal cell carcinoma or melanoma.  Autologous tumor cells will be surgically removed, 
transduced in vitro with the cationic liposome plasmid vector, VCL-1005, which encodes human leukocyte 
antigen (HLA)-B7 and beta-2 microglobulin.  Subjects will receive subcutaneous injection of lethally irradiated 
transduced cells in one limb.  The contralateral limb will be injected with lethally irradiated untransduced tumor 
cells in combination with Bacille Calmette-Guerin (BCG).  Approximately 21 days following tumor cell injection, 
subjects will undergo lymphadenectomy for subsequent in vitro expansion of anti-CD3 activated lymphocytes.  
Activated lymphocytes will be adoptively transferred on approximately day 35 in combination with a 5-day 
course of interleukin-2 (IL-2).  On approximately day 45, subjects will receive a second cycle of IL-2.  The 
objectives of this study are to determine:  (1) the safety of administering anti-CD3 activated antitumor effector T 
cells in draining lymph nodes, and (2) whether HLA-B7/β-2 gene transfer augments the sensitization of anti-
tumor effector T-cells in draining lymph nodes.  (Protocol 9506-108) 
 
Appendix D-108.  Dr. Mitchell S. Steiner, University of Tennessee, Memphis, Tennessee, and Dr. Jeffrey T. 
Holt, Vanderbilt University School of Medicine, Nashville, Tennessee, may conduct gene transfer experiments 
on 15 male subjects (35 to 75 years of age) with metastatic prostate cancer.  Malignant cells obtained from 
advanced prostate cancer subjects have been demonstrated to express high levels of the protooncogene c-myc 
in vivo.  The mouse mammary tumor virus (MMTV) long terminal repeat (LTR) is expressed at high levels in 
prostate tissue.  Following removal of malignant cells via biopsy, subjects will receive a single transrectal 
ultrasound-guided intraprostate quadrant injection of the retrovirus vector, XM6:MMTV-antisense c-myc, for 4 
consecutive days at the site of the original biopsy.  The objectives of this Phase I study are to:  (1) quantitatively 
assess the uptake and expression of XM6:MMTV-antisense c-myc by prostate cancer cells in vivo, (2) 
determine whether c-myc gene expression is prostate tumor-specific, (3) assess safety of intraprostate injection 
of XM6:MMTV-antisense c-myc, and (4) biologic efficacy (antisense inhibition of tumor growth).  (Protocol 
#9509-123) 
 
Appendix D-109.  Drs. Ronald G. Crystal, Edward Hershowitz, and Michael Lieberman, New York Hospital-
Cornell Medical Center, New York, New York, may conduct gene transfer experiments on 18 subjects (18 to 70 
years of age) with metastatic colon carcinoma with liver metastases.  In this Phase I dose-escalation study, 
subjects will receive computed tomography (CT)-guided intratumoral injections of the adenovirus vector, 
AdGVCD.10, into the same hepatic metastasis in 4 equal volumes (100 microliters), each with a separate entry 
into the liver.  This dosage schedule will be performed on Days 1 and 7.  5-fluorocytosine (200 milligrams/ 
kilogram/24 hours) will be administered orally in 4 equal doses starting on day 2 and continuing through the time 
of laparotomy.  The objectives of this study are to:  (1) determine the dose-dependent toxicity of direct 
administration of AdGVCD.10 to hepatic metastases combined with oral administration of 5-fluorocytosine, (2) 
quantitatively assess transfer and expression of the cytosine deaminase gene in target cells, and (3) determine 
the biologic effects of direct ADGVCD.10 administration to hepatic metastases. (Protocol #9509-125) 
 
Appendix D-110.  Drs. Andres Berchuck and H. Kim Lyerly of Duke University Medical Center, Durham, North 
Carolina, may conduct gene transfer experiments on 18 subjects (≥ 18 years of age) with refractory metastatic 
ovarian cancer.  Autologous tumor cells obtained from ascites or surgically removed tumor will be transduced 
with the cationic liposome vector, PMP6A-IL2, that contains an adeno-associated virus derived plasmid DNA, a 
cytomegalovirus (CMV) promoter, and interleukin-2 (IL-2) complementary DNA (cDNA).  In this dose-escalation 
study, subjects will undergo 4 cycles of intradermal injections (thigh or abdomen) of ex vivo transduced, lethally 
irradiated tumor cells in an attempt to induce an antitumor response.  The objectives of the study are to 
evaluate:  (1) the safety of intradermally injected transduced cells, and (2) antitumor response following therapy. 
(Protocol #9506-110) 
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Appendix D-111.  Drs. Stephen L. Eck and Jane B. Alavi of the University of Pennsylvania Medical Center, 
Philadelphia, Pennsylvania, may conduct gene transfer experiments on 18 subjects (>18 years of age) with 
malignant glioma.  The adenovirus vector encoding the Herpes simplex virus thymidine kinase (HSV-TK) gene, 
H5.020RSVTK, will be injected by a stereotactic guided technique into brain tumors.  Afterwards, the patients 
will receive systemic ganciclovir (GCV) treatment.  Patients eligible to undergo a palliative debulking procedure 
will receive the same treatment followed by resection on day 7, and a second dose of the vector intra-
operatively.  Brain tissues removed by resection will be analyzed for adenovirus infection, transgene expression, 
and signs of inflammation.  The size and metabolic activity of tumors will be monitored by scanning with 
magnetic resonance imaging and positron emission tomography.  The objective of the study is to evaluate the 
overall safety of this treatment and to gain insight into the parameters that may limit the general applicability of 
this approach.  (Protocol #9409-089) 
 
Appendix D-112.  Drs. Robert Grossman and Savio Woo of the Baylor College of Medicine & Methodist 
Hospital, Houston, Texas, may conduct gene transfer experiments on 20 subjects (≥ 18 years of age) with 
refractive central nervous system malignancies.  Subjects will receive stereotaxic injections of a replication-
defective, type 5 E1/E3-deleted adenovirus vector, ADV/RSV-tk, to deliver the Herpes simplex virus thymidine 
kinase (HSV-TK) gene to tumor cells.  Expression of the HSV-TK gene is driven by a Rous sarcoma virus long 
terminal repeat (RSV-LTR).  Subjects will receive a single time-course of intravenous ganciclovir (GCV) (14 
consecutive days) following vector administration.  Following demonstration of safety with the initial starting 
dose of 1 x 108 particles in 5 subjects, additional cohorts will receive between 5 x 108 and 1.5 x 109 particles.  
Each cohort will be monitored for toxicity for one month before administration of the next higher dose to 
subsequent cohorts.  Subjects will be monitored for evidence of clinical efficacy by magnetic resonance imaging 
and/or computer tomography scans.  The primary objective of this Phase I study is to determine the safety of 
vector administration.  (Protocol #9412-098) 
 
Appendix D-113.  Drs. Gabriel N. Hortobagyi, Gabriel Lopez-Berestein, and Mien-Chie Hung, of the University 
of Texas MD Anderson Cancer Center, Houston, Texas, may conduct gene transfer experiments on a maximum 
of 24 adult patients (12 for each cancer) with metastatic breast or ovarian carcinoma.  Overexpression of the 
HER-2/neu oncogene occurs in 30% of ovarian and breast cancers, and it is associated with enhanced 
metastatic potential, drug resistance, and poor survival.  The E1A gene of the adenovirus type 5 functions as a 
tumor suppressor gene when transfected into cancer cells which overexpress the HER-2/neu oncogene.  E1A 
expression induces down regulation of the level of the HER-2/neu oncoprotein by a transcriptional control 
mechanism.  A plasmid, pE1A, encoding the adenovirus E1A gene with its own promoter will be administered as 
a DNA/lipid complex via the intraperitoneal or intrapleural route.  The objectives of the study are:  (1) to 
determine E1A gene transduction into malignant cells after the administration of E1A/lipid complex by 
intrapleural or intraperitoneal administration, (2) to determine whether E1A gene therapy can down-regulate 
HER-2/neu expression after intrapleural or intraperitoneal administration, (3) to determine the maximum 
biologically active dose (MBAD), or the maximum tolerated dose (MTD) of E1A/lipid complex, (4) to determine 
the toxicity and tolerance of E1A/lipid complex administered into the pleural or peritoneal space, and to assess 
the reversibility of such toxicity, and (5) to evaluate tumor response.  (Protocol #9512-137) 
 
Appendix D-114.  Drs. Keith L. Black and Habib Fakhrai of the University of California, Los Angeles, California, 
may conduct gene transfer experiments on 12 subjects (≥ 18 years of age) with glioblastoma multiform.  An 
Epstein-Barr virus (EBV) based plasmid vector, pCEP-4/TGF- β2 antisense, encoding antisense RNA will be 
used to inhibit TGF- β2 production.  Tumor samples obtained from the patients at the time of clinically indicated 
surgery will be grown in culture to establish a cell line for each patient.  The patients' tumor cells will be 
genetically altered with the pCEP-4/TGF-β2 vector to inhibit their secretion of TGF-β.  Following completion of 
the traditional post surgical radiation therapy, the first cohort of patients will receive, at 3 week intervals, 4 
injections of 5 x 106 irradiated gene modified autologous tumor cells.  Subsequently, in dose escalation studies, 
the second cohort will receive 1 x 107 cells, and the third cohort, 2 x 107 cells.  The results of this Phase I trial 
will be used to assess the safety of this form of gene therapy and may provide preliminary data to evaluate the 
potential utility of TGF- β2 antisense gene therapy in the management of gliomas.  (Protocol #9512-138)  
 
Appendix D-115.  Dr. Ronald G. Crystal of New York Hospital-Cornell Medical Center, New York, New York, 
may conduct gene transfer experiments on a total of 21 (with an option for an additional 5) normal males and 
female subjects, age ≥ 18 years.  Replication-deficient adenovirus (Ad) vector previously has been used in a 
number of human gene therapy strategies to transfer genes in vivo for therapeutic purposes.  The purpose of 
this protocol is to characterize the local (skin), systemic (blood), and distant compartment (lung) immunity in 
normal individuals after intradermal administration of a replication deficient Ad5-based vector, named 
AdGVCD.10, carrying the gene coding for the E. coli enzyme, cytosine deaminase (CD).  Following intradermal 
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administration of the vector to normal individuals, the skin, blood, and lung immune responses to the Ad vector 
and CD transgene will be evaluated over time.  This vector has been safety administered intrahepatically ten 
times to five individuals with colon carcinoma.  No adverse effects in Protocol #9509-125 have been observed.  
The present protocol will yield insights into normal human immune responses to both the Ad vector, as well as 
to a heterologous (i.e., non-human) gene product (CD).  Note: This study is designed to answer basic biological 
questions regarding characterization of the immune responses to such vectors that have been previously 
documented.  (Protocol #9701-171) 

Appendix D-116.  Dr. Daniel Rockey at Oregon State University and Dr. Walter Stamm at the University of 
Washington may conduct experiments to deliberately transfer a gene encoding tetracycline resistance from 
Chlamydia suis (a swine pathogen) into C. trachomatis (a human pathogen).  This approval is specific to Drs. 
Rockey and Stamm and research with these resistant organisms may only occur under the conditions as 
specified by the NIH Director (72 FR 61661).  This approval was effective as of September 24, 2007.  

Appendix D-117.  Dr. David Walker at the University of Texas Medical Branch may conduct experiments to 
deliberately introduce a gene encoding chloramphenicol resistance into Rickettsia conorii.  This approval is 
specific to Dr. Walker and research with these resistant organisms may only occur under the conditions as 
specified by the NIH Director (73 FR 32719).  This approval was effective as of April 7, 2008.  

Appendix D-118.  Dr. Harlan Caldwell at the Rocky Mountain Laboratories may conduct experiments to 
deliberately introduce a gene encoding tetracycline resistance into Chlamydia trachomatis serovar L2.  This 
approval is specific to Dr. Caldwell and research with this resistant organism may only occur under the 
conditions as specified by the NIH Director (76 FR 27653).  This approval was effective as of April 26, 2010. 

*********************************************************************************************************************** 

APPENDIX E. CERTIFIED HOST-VECTOR SYSTEMS (See Appendix I, Biological Containment) 

While many experiments using Escherichia coli K-12, Saccharomyces cerevisiae, and Bacillus subtilis are 
currently exempt from the NIH Guidelines under Section III-F, Exempt Experiments, some derivatives of these 
host-vector systems were previously classified as Host-Vector 1 Systems or Host-Vector 2 Systems.  A listing of 
those systems follows: 

Appendix E-I. Bacillus subtilis 

Appendix E-I-A. Bacillus subtilis Host-Vector 1 Systems 

The following plasmids are accepted as the vector components of certified B. subtilis systems:  pUB110, pC194, 
pS194, pSA2100, pE194, pT127, pUB112, pC221, pC223, and pAB124.  B. subtilis strains RUB 331 and BGSC 
1S53 have been certified as the host component of Host-Vector 1 systems based on these plasmids. 

Appendix E-I-B. Bacillus subtilis Host-Vector 2 Systems 

The asporogenic mutant derivative of Bacillus subtilis, ASB 298, with the following plasmids as the vector 
component:  pUB110, pC194, pS194, pSA2100, pE194, pT127, pUB112, pC221, pC223, and pAB124. 

Appendix E-II. Saccharomyces cerevisiae 

Appendix E-II-A. Saccharomyces cerevisiae Host-Vector 2 Systems 

The following sterile strains of Saccharomyces cerevisiae, all of which have the ste-VC9 mutation, SHY1, SHY2, 
SHY3, and SHY4.  The following plasmids are certified for use: YIp1, YEp2, YEp4, YIp5, YEp6, YRp7, YEp20, 
YEp21, YEp24, YIp25, YIp26, YIp27, YIp28, YIp29, YIp30, YIp31, YIp32, and YIp33. 
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Appendix E-III. Escherichia coli 

Appendix E-III-A. Escherichia coli (EK2) Plasmid Systems 

The Escherichia coli K-12 strain chi-1776.  The following plasmids are certified for use: pSC101, pMB9, 
pBR313, pBR322, pDH24, pBR325, pBR327, pGL101, and pHB1.  The following Escherichia coli/S. cerevisiae 
hybrid plasmids are certified as EK2 vectors when used in Escherichia coli chi-1776 or in the sterile yeast 
strains, SHY1, SHY2, SHY3, and SHY4: YIpI, YEp2, YEp4, YIp5, YEp6, YRp7, YEp20, YEp21, YEP24, YIp25, 
YIp26, YIp27, YIp28, YIp29, YIp30, YIp31, YIp32, and YIp33. 

Appendix E-III-B. Escherichia coli (EK2) Bacteriophage Systems 

The following are certified EK2 systems based on bacteriophage lambda: 

 Vector Host 
λgt WESλB' DP50supF  
λgt WESλB* DP50supF 
λgt ZJ virλB' Escherichia coli K-12 
λgtALO·λB DP50supF 
Charon 3A DP50 or DP50supF 
Charon 4A DP50 or DP50supF 
Charon 16A DP50 or DP50supF 
Charon 21A DP50supF 
Charon 23A DP50 or DP50supF 
Charon 24A DP50 or DP50supF 

Escherichia coli K-12 strains chi-2447 and chi-2281 are certified for use with lambda vectors that are certified for 
use with strain DP50 or DP50supF provided that the su-strain not be used as a propagation host. 

Appendix E-IV. Neurospora crassa 

Appendix E-IV-A. Neurospora crassa Host-Vector 1 Systems 

The following specified strains of Neurospora crassa which have been modified to prevent aerial dispersion: 

In1 (inositol-less) strains 37102, 37401, 46316, 64001, and 89601.  Csp-1 strain UCLA37 and csp-2 strains FS 
590, UCLA101 (these are conidial separation mutants). 

Eas strain UCLA191 (an "easily wettable" mutant). 

Appendix E-V. Streptomyces 

Appendix E-V-A. Streptomyces Host-Vector 1 Systems 

The following Streptomyces species:  Streptomyces coelicolor, S. lividans, S. parvulus, and S. griseus.  The 
following are accepted as vector components of certified Streptomyces Host-Vector 1 systems:  Streptomyces 
plasmids SCP2, SLP1.2, pIJ101, actinophage phi C31, and their derivatives. 

Appendix E-VI. Pseudomonas putida 

Appendix E-VI-A. Pseudomonas putida Host-Vector 1 Systems 

Pseudomonas putida strains KT2440 with plasmid vectors pKT262, pKT263, and pKT264. 

********************************************************************************************************************** 
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APPENDIX F. CONTAINMENT CONDITIONS FOR CLONING OF GENES CODING FOR THE 
BIOSYNTHESIS OF MOLECULES TOXIC FOR VERTEBRATES 

Appendix F-I. General Information 

Appendix F specifies the containment to be used for the deliberate cloning of genes coding for the biosynthesis 
of molecules toxic for vertebrates.  The cloning of genes coding for molecules toxic for vertebrates that have an 
LD50 of < 100 nanograms per kilograms body weight (e.g., microbial toxins such as the botulinum toxins, tetanus 
toxin, diphtheria toxin, Shigella dysenteriae neurotoxin) are covered under Section III-B-1 (Experiments 
Involving the Cloning of Toxin Molecules with LD50 of Less than 100 Nanograms Per Kilogram Body Weight) and 
require Institutional Biosafety Committee and NIH OSP approval before initiation.  No specific restrictions shall 
apply to the cloning of genes if the protein specified by the gene has an LD50 ≥ 100 micrograms per kilograms of 
body weight.  Experiments involving genes coding for toxin molecules with an LD50 of < 100 micrograms per 
kilograms and > 100 nanograms per kilograms body weight require Institutional Biosafety Committee approval 
and registration with NIH OSP prior to initiating the experiments.  A list of toxin molecules classified as to LD50 is 
available from NIH OSP.  Testing procedures for determining toxicity of toxin molecules not on the list are 
available from the Office of Science Policy, National Institutes of Health, preferably by submitting a request for 
this information to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the 
OSP website (www.osp.od.nih.gov).  The results of such tests shall be forwarded to NIH OSP, which will consult 
with ad hoc experts, prior to inclusion of the molecules on the list (see Section IV-C-1-b-(2)-(c), Minor Actions). 

Appendix F-II. Cloning of Toxin Molecule Genes in Escherichia coli K-12 

Appendix F-II-A.  Cloning of genes coding for molecules toxic for vertebrates that have an LD50 of >100 
nanograms per kilograms and <1000 nanograms per kilograms body weight (e.g., abrin, Clostridium perfringens 
epsilon toxin) may proceed under Biosafety Level (BL) 2 + EK2 or BL3 + EK1 containment conditions. 

Appendix F-II-B.  Cloning of genes for the biosynthesis of molecules toxic for vertebrates that have an LD50 of 
>1 microgram per kilogram and <100 microgram per kilogram body weight may proceed under BL1 + EK1 
containment conditions (e.g., Staphylococcus aureus alpha toxin, Staphylococcus aureus beta toxin, ricin, 
Pseudomonas aeruginosa exotoxin A, Bordetella pertussis toxin, the lethal factor of Bacillus anthracis, the 
Pasteurella pestis murine toxins, the oxygen-labile hemolysins such as streptolysin O, and certain neurotoxins 
present in snake venoms and other venoms). 

Appendix F-II-C.  Some enterotoxins are substantially more toxic when administered enterally than 
parenterally.  The following enterotoxins shall be subject to BL1 + EK1 containment conditions:  cholera toxin, 
the heat labile toxins of Escherichia coli, Klebsiella, and other related proteins that may be identified by 
neutralization with an antiserum monospecific for cholera toxin, and the heat stable toxins of Escherichia coli 
and of Yersinia enterocolitica. 

Appendix F-III. Cloning of Toxic Molecule Genes in Organisms Other Than Escherichia coli K-12 

Requests involving the cloning of genes coding for toxin molecules for vertebrates at an LD50 of <100 
nanograms per kilogram body weight in host-vector systems other than Escherichia coli K-12 will be evaluated 
by NIH OSP in consultation with ad hoc toxin experts (see Sections III-B-1, Experiments Involving the Cloning of 
Toxin Molecules with LD50 of Less than 100 Nanograms Per Kilogram Body Weight, and IV-C-1-b-(2)-(c), Minor 
Actions). 

Appendix F-IV. Specific Approvals 

An updated list of experiments involving the deliberate formation of recombinant or synthetic nucleic acid 
molecules containing genes coding for toxins lethal for vertebrates at an LD50 of <100 nanograms per kilogram 
body weight is available from the Office of Science Policy, National Institutes of Health, preferably by submitting 
a request for this information to:  NIHGuidelines@od.nih.gov; additional contact information is also available 
here and on the OSP website (www.osp.od.nih.gov). 

*********************************************************************************************************************** 
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APPENDIX G. PHYSICAL CONTAINMENT 

Appendix G specifies physical containment for standard laboratory experiments and defines Biosafety Level 1 
through Biosafety Level 4.  For large-scale (over 10 liters) research or production, Appendix K (Physical 
Containment for Large Scale Uses of Organisms Containing Recombinant or Synthetic Nucleic Acid Molecules) 
supersedes Appendix G.  Appendix K defines Good Large Scale Practice through Biosafety Level 3 - Large 
Scale.  For certain work with plants, Appendix P (Physical and Biological Containment for Recombinant or 
Synthetic Nucleic Acid Molecule Research Involving Plants) supersedes Appendix G.  Appendix P defines 
Biosafety Levels 1 through 4 - Plants.  For certain work with animals, Appendix Q (Physical and Biological 
Containment for Recombinant or Synthetic Nucleic Acid Molecule Research Involving Animals) supersedes 
Appendix G.  Appendix Q defines Biosafety Levels 1 through 4 - Animals. 

Appendix G-I. Standard Practices and Training 

The first principle of containment is strict adherence to good microbiological practices (see Appendices G-III-A 
through G-III-J, Footnotes and References of Appendix G).  Consequently, all personnel directly or indirectly 
involved in experiments using recombinant or synthetic nucleic acid molecules shall receive adequate 
instruction (see Sections IV-B-1-h, Responsibilities of the Institution--General Information, and IV-B-7-d, 
Responsibilities of the Principal Investigator Prior to Initiating Research).  At a minimum, these instructions 
include training in aseptic techniques and in the biology of the organisms used in the experiments so that the 
potential biohazards can be understood and appreciated. 

Any research group working with agents that are known or potential biohazards shall have an emergency plan 
that describes the procedures to be followed if an accident contaminates personnel or the environment.  The 
Principal Investigator shall ensure that everyone in the laboratory is familiar with both the potential hazards of 
the work and the emergency plan (see Sections IV-B-7-d, Responsibilities of the Principal Investigator Prior to 
Initiating Research and IV-B-7-e, Responsibilities of the Principal Investigator During the Conduct of the 
Research).  If a research group is working with a known pathogen for which there is an effective vaccine, the 
vaccine should be made available to all workers.  Serological monitoring, when clearly appropriate, will be 
provided (see Section IV-B-1-f, Responsibilities of the Institution--General Information). 

The Laboratory Safety Monograph (see Appendix G-III-O, Footnotes and References of Appendix G) and 
Biosafety in Microbiological and Biomedical Laboratories (see Appendix G-III-A, Footnotes and References of 
Appendix G) describe practices, equipment, and facilities in detail. 

Appendix G-II. Physical Containment Levels 

The objective of physical containment is to confine organisms containing recombinant or synthetic nucleic acid 
molecules and to reduce the potential for exposure of the laboratory worker, persons outside of the laboratory, 
and the environment to organisms containing recombinant or synthetic nucleic acid molecules.  Physical 
containment is achieved through the use of laboratory practices, containment equipment, and special laboratory 
design.  Emphasis is placed on primary means of physical containment which are provided by laboratory 
practices and containment equipment.  Special laboratory design provides a secondary means of protection 
against the accidental release of organisms outside the laboratory or to the environment.  Special laboratory 
design is used primarily in facilities in which experiments of moderate to high potential hazard are performed. 

Combinations of laboratory practices, containment equipment, and special laboratory design can be made to 
achieve different levels of physical containment.  Four levels of physical containment, which are designated as 
BL1, BL2, BL3, and BL4 are described.  It should be emphasized that the descriptions and assignments of 
physical containment detailed below are based on existing approaches to containment of pathogenic organisms 
(see Appendix G-III-A, Footnotes and References of Appendix G).  The National Cancer Institute describes 
three levels for research on oncogenic viruses which roughly correspond to our BL2, BL3, and BL4 levels (see 
Appendix G-III-C, Footnotes and References of Appendix G). 

It is recognized that several different combinations of laboratory practices, containment equipment, and special 
laboratory design may be appropriate for containment of specific research activities.  The NIH Guidelines, 
therefore, allow alternative selections of primary containment equipment within facilities that have been 
designed to provide BL3 and BL4 levels of physical containment.  The selection of alternative methods of 
primary containment is dependent, however, on the level of biological containment provided by the host-vector 
system used in the experiment.  Consideration will be given to other combinations which achieve an equivalent 
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level of containment (see Sections IV-C-1-b-(1), Major Actions and IV-C-1-b-(2), Minor Actions). 

Appendix G-II-A. Biosafety Level 1 (BL1) (See Appendix G-III-M, Footnotes and References of Appendix G) 

Appendix G-II-A-1. Standard Microbiological Practices (BL1) 

Appendix G-II-A-1-a.  Access to the laboratory is limited or restricted at the discretion of the Principal 
Investigator when experiments are in progress. 

Appendix G-II-A-1-b.  Work surfaces are decontaminated once a day and after any spill of viable material. 

Appendix G-II-A-1-c.  All contaminated liquid or solid wastes are decontaminated before disposal. 

Appendix G-II-A-1-d.  Mechanical pipetting devices are used; mouth pipetting is prohibited. 

Appendix G-II-A-1-e.  Eating, drinking, smoking, and applying cosmetics are not permitted in the work area. 
Food may be stored in cabinets or refrigerators designated and used for this purpose only. 

Appendix G-II-A-1-f.  Persons wash their hands:  (i) after they handle materials involving organisms containing 
recombinant or synthetic nucleic acid molecules and animals, and (ii) before exiting the laboratory. 

Appendix G-II-A-1-g.  All procedures are performed carefully to minimize the creation of aerosols. 

Appendix G-II-A-1-h.  In the interest of good personal hygiene, facilities (e.g., hand washing sink, shower, 
changing room) and protective clothing (e.g., uniforms, laboratory coats) shall be provided that are appropriate 
for the risk of exposure to viable organisms containing recombinant or synthetic nucleic acid molecules. 

Appendix G-II-A-2. Special Practices (BL1) 

Appendix G-II-A-2-a.  Contaminated materials that are to be decontaminated at a site away from the laboratory 
are placed in a durable leak-proof container which is closed before being removed from the laboratory. 

Appendix G-II-A-2-b.  An insect and rodent control program is in effect. 

Appendix G-II-A-3. Containment Equipment (BL1) 

Appendix G-II-A-3-a.  Special containment equipment is generally not required for manipulations of agents 
assigned to BL1. 

Appendix G-II-A-4. Laboratory Facilities (BL1) 

Appendix G-II-A-4-a.  The laboratory is designed so that it can be easily cleaned. 

Appendix G-II-A-4-b.  Bench tops are impervious to water and resistant to acids, alkalis, organic solvents, and 
moderate heat. 

Appendix G-II-A-4-c.  Laboratory furniture is sturdy.  Spaces between benches, cabinets, and equipment are 
accessible for cleaning. 

Appendix G-II-A-4-d.  Each laboratory contains a sink for hand washing. 

Appendix G-II-A-4-e.  If the laboratory has windows that open, they are fitted with fly screens. 

Appendix G-II-B. Biosafety Level 2 (BL2) (See Appendix G-III-N, Footnotes and References of Appendix G) 

Appendix G-II-B-1. Standard Microbiological Practices (BL2) 

Appendix G-II-B-1-a.  Access to the laboratory is limited or restricted by the Principal Investigator when work 
with organisms containing recombinant or synthetic nucleic acid molecules is in progress. 
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Appendix G-II-B-1-b.  Work surfaces are decontaminated at least once a day and after any spill of viable 
material. 

Appendix G-II-B-1-c.  All contaminated liquid or solid wastes are decontaminated before disposal. 

Appendix G-II-B-1-d.  Mechanical pipetting devices are used; mouth pipetting is prohibited. 

Appendix G-II-B-1-e.  Eating, drinking, smoking, and applying cosmetics are not permitted in the work area. 
Food may be stored in cabinets or refrigerators designated and used for this purpose only. 

Appendix G-II-B-1-f.  Persons wash their hands:  (i) after handling materials involving organisms containing 
recombinant or synthetic nucleic acid molecules and animals, and (ii) when exiting the laboratory. 

Appendix G-II-B-1-g.  All procedures are performed carefully to minimize the creation of aerosols. 

Appendix G-II-B-1-h.  Experiments of lesser biohazard potential can be conducted concurrently in carefully 
demarcated areas of the same laboratory. 

Appendix G-II-B-2. Special Practices (BL2) 

Appendix G-II-B-2-a.  Contaminated materials that are to be decontaminated at a site away from the laboratory 
are placed in a durable leak-proof container which is closed before being removed from the laboratory. 

Appendix G-II-B-2-b.  The Principal Investigator limits access to the laboratory.  The Principal Investigator has 
the final responsibility for assessing each circumstance and determining who may enter or work in the 
laboratory. 

Appendix G-II-B-2-c.  The Principal Investigator establishes policies and procedures whereby only persons 
who have been advised of the potential hazard and meet any specific entry requirements (e.g., immunization) 
may enter the laboratory or animal rooms. 

Appendix G-II-B-2-d.  When the organisms containing recombinant or synthetic nucleic acid molecules in use 
in the laboratory require special provisions for entry (e.g., vaccination), a hazard warning sign incorporating the 
universal biosafety symbol is posted on the access door to the laboratory work area.  The hazard warning sign 
identifies the agent, lists the name and telephone number of the Principal Investigator or other responsible 
person(s), and indicates the special requirement(s) for entering the laboratory. 

Appendix G-II-B-2-e.  An insect and rodent control program is in effect. 

Appendix G-II-B-2-f.  Laboratory coats, gowns, smocks, or uniforms are worn while in the laboratory.  Before 
exiting the laboratory for non-laboratory areas (e.g., cafeteria, library, administrative offices), this protective 
clothing is removed and left in the laboratory or covered with a clean coat not used in the laboratory. 

Appendix G-II-B-2-g.  Animals not involved in the work being performed are not permitted in the laboratory. 

Appendix G-II-B-2-h.  Special care is taken to avoid skin contamination with organisms containing recombinant 
or synthetic nucleic acid molecules; gloves should be worn when handling experimental animals and when skin 
contact with the agent is unavoidable. 

Appendix G-II-B-2-i.  All wastes from laboratories and animal rooms are appropriately decontaminated before 
disposal. 

Appendix G-II-B-2-j.  Hypodermic needles and syringes are used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle-locking syringes or disposable syringe-
needle units (i.e., needle is integral to the syringe) are used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Extreme caution should be used when 
handling needles and syringes to avoid autoinoculation and the generation of aerosols during use and disposal.  
Needles should not be bent, sheared, replaced in the needle sheath or guard, or removed from the syringe 
following use.  The needle and syringe should be promptly placed in a puncture-resistant container and 
decontaminated, preferably autoclaved, before discard or reuse. 
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Appendix G-II-B-2-k.  Spills and accidents which result in overt exposures to organisms containing recombinant 
or synthetic nucleic acid molecules are immediately reported to the Institutional Biosafety Committee and NIH 
OSP.  Reports to NIH OSP shall be sent to the Office of Science Policy, National Institutes of Health, preferably 
by e-mail to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP 
website (www.osp.od.nih.gov).  Medical evaluation, surveillance, and treatment are provided as appropriate and 
written records are maintained. 

Appendix G-II-B-2-l.  When appropriate, considering the agent(s) handled, baseline serum samples for 
laboratory and other at-risk personnel are collected and stored.  Additional serum specimens may be collected 
periodically depending on the agents handled or the function of the facility. 

Appendix G-II-B-2-m.  A biosafety manual is prepared or adopted.  Personnel are advised of special hazards 
and are required to read and follow instructions on practices and procedures. 

Appendix G-II-B-3. Containment Equipment (BL2) 

Appendix G-II-B-3-a.  Biological safety cabinets (Class I or II) (see Appendix G-III-L, Footnotes and References 
of Appendix G) or other appropriate personal protective or physical containment devices are used whenever: 

Appendix G-II-B-3-a-(1).  Procedures with a high potential for creating aerosols are conducted (see Appendix 
G-III-O, Footnotes and References of Appendix G).  These may include centrifuging, grinding, blending, 
vigorous shaking or mixing, sonic disruption, opening containers of materials whose internal pressures may be 
different from ambient pressures, intranasal inoculation of animals, and harvesting infected tissues from animals 
or eggs. 

Appendix G-II-B-3-a-(2).  High concentrations or large volumes of organisms containing recombinant or 
synthetic nucleic acid molecules are used.  Such materials may be centrifuged in the open laboratory if sealed 
beads or centrifuge safety cups are used and if they are opened only in a biological safety cabinet. 

Appendix G-II-B-4. Laboratory Facilities (BL2) 

Appendix G-II-B-4-a.  The laboratory is designed so that it can be easily cleaned. 

Appendix G-II-B-4-b.  Bench tops are impervious to water and resistant to acids, alkalis, organic solvents, and 
moderate heat. 

Appendix G-II-B-4-c.  Laboratory furniture is sturdy and spaces between benches, cabinets, and equipment are 
accessible for cleaning. 

Appendix G-II-B-4-d.  Each laboratory contains a sink for hand washing. 

Appendix G-II-B-4-e.  If the laboratory has windows that open, they are fitted with fly screens. 

Appendix G-II-B-4-f.  An autoclave for decontaminating laboratory wastes is available. 

Appendix G-II-C. Biosafety Level 3 (BL3) (See Appendix G-III-P, Footnotes and References of Appendix G) 

Appendix G-II-C-1. Standard Microbiological Practices (BL3) 

Appendix G-II-C-1-a.  Work surfaces are decontaminated at least once a day and after any spill of viable 
material. 

Appendix G-II-C-1-b.  All contaminated liquid or solid wastes are decontaminated before disposal. 

Appendix G-II-C-1-c.  Mechanical pipetting devices are used; mouth pipetting is prohibited. 

Appendix G-II-C-1-d.  Eating, drinking, smoking, storing food, and applying cosmetics are not permitted in the 
work area. 
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Appendix G-II-C-1-e.  Persons wash their hands:  (i) after handling materials involving organisms containing 
recombinant or synthetic nucleic acid molecules, and handling animals, and (ii) when exiting the laboratory. 
 
Appendix G-II-C-1-f.  All procedures are performed carefully to minimize the creation of aerosols. 
 
Appendix G-II-C-1-g.  Persons under 16 years of age shall not enter the laboratory. 
 
Appendix G-II-C-1-h.  If experiments involving other organisms which require lower levels of containment are to 
be conducted in the same laboratory concurrently with experiments requiring BL3 level physical containment, 
they shall be conducted in accordance with all BL3 level laboratory practices. 
 
Appendix G-II-C-2. Special Practices (BL3) 
 
Appendix G-II-C-2-a.  Laboratory doors are kept closed when experiments are in progress. 
 
Appendix G-II-C-2-b.  Contaminated materials that are to be decontaminated at a site away from the laboratory 
are placed in a durable leak-proof container which is closed before being removed from the laboratory. 
 
Appendix G-II-C-2-c.  The Principal Investigator controls access to the laboratory and restricts access to 
persons whose presence is required for program or support purposes.  The Principal Investigator has the final 
responsibility for assessing each circumstance and determining who may enter or work in the laboratory. 
 
Appendix G-II-C-2-d.  The Principal Investigator establishes policies and procedures whereby only persons 
who have been advised of the potential biohazard, who meet any specific entry requirements (e.g., 
immunization), and who comply with all entry and exit procedures entering the laboratory or animal rooms. 
 
Appendix G-II-C-2-e.  When organisms containing recombinant or synthetic nucleic acid molecules or 
experimental animals are present in the laboratory or containment module, a hazard warning sign incorporating 
the universal biosafety symbol is posted on all laboratory and animal room access doors.  The hazard warning 
sign identifies the agent, lists the name and telephone number of the Principal Investigator or other responsible 
person(s), and indicates any special requirements for entering the laboratory such as the need for 
immunizations, respirators, or other personal protective measures. 
 
 
 
Appendix G-II-C-2-f.  All activities involving organisms containing recombinant or synthetic nucleic acid 
molecules are conducted in biological safety cabinets or other physical containment devices within the 
containment module.  No work in open vessels is conducted on the open bench. 
 
Appendix G-II-C-2-g.  The work surfaces of biological safety cabinets and other containment equipment are 
decontaminated when work with organisms containing recombinant or synthetic nucleic acid molecules is 
finished.  Plastic-backed paper toweling used on non-perforated work surfaces within biological safety cabinets 
facilitates clean-up. 
 
Appendix G-II-C-2-h.  An insect and rodent program is in effect. 
 
Appendix G-II-C-2-i.  Laboratory clothing that protects street clothing (e.g., solid front or wrap-around gowns, 
scrub suits, coveralls) is worn in the laboratory.  Laboratory clothing is not worn outside the laboratory, and it is 
decontaminated prior to laundering or disposal. 
 
Appendix G-II-C-2-j.  Special care is taken to avoid skin contamination with contaminated materials; gloves 
should be worn when handling infected animals and when skin contact with infectious materials is unavoidable. 
 
Appendix G-II-C-2-k.  Molded surgical masks or respirators are worn in rooms containing experimental animals. 
 
Appendix G-II-C-2-l.  Animals and plants not related to the work being conducted are not permitted in the 
laboratory. 
 
Appendix G-II-C-2-m.  Laboratory animals held in a BL3 area shall be housed in partial-containment caging 
systems, such as Horsfall units (see Appendix G-III-K, Footnotes and References of Appendix G), open cages 
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placed in ventilated enclosures, solid-wall and -bottom cages covered by filter bonnets or solid-wall and -bottom 
cages placed on holding racks equipped with ultraviolet in radiation lamps and reflectors. 

Note:  Conventional caging systems may be used provided that all personnel wear appropriate personal 
protective devices.  These protective devices shall include at a minimum wrap-around gowns, head covers, 
gloves, shoe covers, and respirators.  All personnel shall shower on exit from areas where these devices are 
required. 

Appendix G-II-C-2-n.  All wastes from laboratories and animal rooms are appropriately decontaminated before 
disposal.  For research involving mammalian-transmissible HPAI H5N1 virus, liquid effluents should be 
chemically disinfected or heat-treated, or collected and processed in a central effluent decontamination 
system.  Decontamination of shower and toilet effluents is not required, provided appropriate practices and 
procedures are in place for primary containment of mammalian-transmissible HPAI H5N1 virus.  Animal 
tissues, carcasses, and bedding originating from the animal room must be decontaminated by an effective 
and validated method (e.g., use of an autoclave) preferably before leaving the containment barrier.  If waste 
must be transported, special practices should be developed for transport of infectious materials to 
designated alternate location(s) within the facility. 

Appendix G-II-C-2-o.  Vacuum lines are protected with high efficiency particulate air/HEPA filters and liquid 
disinfectant traps. 

Appendix G-II-C-2-p.  Hypodermic needles and syringes are used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle locking syringes or disposable syringe-
needle units (i.e., needle is integral to the syringe) are used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Extreme caution should be used when 
handling needles and syringes to avoid autoinoculation and the generation of aerosols during use and disposal.  
Needles should not be bent, sheared, replaced in the needle sheath or guard, or removed from the syringe 
following use.  The needle and syringe should be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 

Appendix G-II-C-2-q.  Spills and accidents which result in overt or potential exposures to organisms containing 
recombinant or synthetic nucleic acid molecules are immediately reported to the Biological Safety Officer, 
Institutional Biosafety Committee, and NIH OSP.  Reports to NIH OSP shall be sent to the Office of Science 
Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional contact 
information is also available here and on the OSP website (www.osp.od.nih.gov).  Appropriate medical 
evaluation, surveillance, and treatment are provided and written records are maintained. 

Appendix G-II-C-2-r.  Baseline serum samples for all laboratory and other at-risk personnel should be collected 
and stored in accordance with institutional policy and at least for the time period in which the personnel 
continues to work with the agent at biosafety level 3 containment.  Such samples must be collected and 
stored for laboratory and other at-risk personnel who will work with mammalian-transmissible HPAI H5N1 
virus.  Additional serum specimens may be collected periodically depending on the agents handled or the 
function of the laboratory. 

Appendix G-II-C-2-s.  A biosafety manual is prepared or adopted.  Personnel are advised of special hazards 
and are required to read and follow the instructions on practices and procedures. 

Appendix G-II-C-2-t. Alternative Selection of Containment Equipment (BL3) 

Experimental procedures involving a host-vector system that provides a one-step higher level of biological 
containment than that specified may be conducted in the BL3 laboratory using containment equipment specified 
for the BL2 level of physical containment.  Experimental procedures involving a host-vector system that provides 
a one-step lower level of biological containment than that specified may be conducted in the BL3 laboratory 
using containment equipment specified for the BL4 level of physical containment.  Alternative combination of 
containment safeguards are shown in Appendix G-Table 1, Possible Alternate Combinations of Physical and 
Biological Containment Safeguards. 

Appendix G-II-C-3. Containment Equipment (BL3) 

Appendix G-II-C-3-a.  Biological safety cabinets (Class I, II, or III) (see Appendix G-III-L, Footnotes and 
YM95NC Attachment -- Page 231

mailto:NIHGuidelines@od.nih.gov
http://www.osp.od.nih.gov/


Page 77 - NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid Molecules (April 2016) 

References of Appendix G) or other appropriate combinations of personal protective or physical containment 
devices (e.g., special protective clothing, masks, gloves, respirators, centrifuge safety cups, sealed centrifuge 
rotors, and containment caging for animals) are used for all activities with organisms containing recombinant or 
synthetic nucleic acid molecules which pose a threat of aerosol exposure.  These include:  manipulation of 
cultures and of those clinical or environmental materials which may be a source of aerosols; the aerosol 
challenge of experimental animals; the harvesting of infected tissues or fluids from experimental animals and 
embryonate eggs; and the necropsy of experimental animals. 

Appendix G-II-C-4. Laboratory Facilities (BL3) 

Appendix G-II-C-4-a.  The laboratory is separated from areas which are open to unrestricted traffic flow within 
the building.  Passage through two sets of doors is the basic requirement for entry into the laboratory from 
access corridors or other contiguous areas.  Physical separation of the high containment laboratory from access 
corridors or other laboratories or activities may be provided by a double-door clothes change room (showers 
may be included), airlock, or other access facility which requires passage through two sets of doors before 
entering the laboratory. 

Appendix G-II-C-4-b.  The interior surfaces of walls, floors, and ceilings are water resistant so that they can be 
easily cleaned.  Penetrations in these surfaces are sealed or capable of being sealed to facilitate 
decontaminating the area. 

Appendix G-II-C-4-c.  Bench tops are impervious to water and resistant to acids, alkalis, organic solvents, and 
moderate heat. 

Appendix G-II-C-4-d.  Laboratory furniture is sturdy and spaces between benches, cabinets, and equipment are 
accessible for cleaning. 

Appendix G-II-C-4-e.  Each laboratory contains a sink for hand washing.  The sink is foot, elbow, or 
automatically operated and is located near the laboratory exit door. 

Appendix G-II-C-4-f.  Windows in the laboratory are closed and sealed. 

Appendix G-II-C-4-g.  Access doors to the laboratory or containment module are self-closing. 

Appendix G-II-C-4-h.  An autoclave for decontaminating laboratory wastes is available preferably within the 
laboratory. 

Appendix G-II-C-4-i.  A ducted exhaust air ventilation system is provided.  This system creates directional 
airflow that draws air into the laboratory from uncontaminated spaces surrounding the laboratory.  The exhaust 
air is not recirculated to any other area of the building, is discharged to the outside, and is dispersed away from 
the occupied areas and air intakes.  Personnel shall verify that the direction of the airflow (into the laboratory) is 
proper.  The exhaust air from the laboratory room may be discharged to the outside without being filtered or 
otherwise treated unless research is being conducted with mammaliantransmissible HPAI H5N1 virus.  For 
research with mammalian-transmissible HPAI H5N1 virus, exhaust air must be HEPA filtered and there must 
be sealed ductwork from the containment barrier to the filter.  In addition, the air handling system shall be 
designed such that under failure conditions, the airflow will not be reversed and periodic verification, with 
annual verification of the HEPA filters, shall be performed.  Finally, backup power shall be available for 
critical controls and instrumentation necessary to maintain containment. 

Appendix G-II-C-4-j.  The high efficiency particulate air/HEPA filtered exhaust air from Class I or Class II 
biological safety cabinets is discharged directly to the outside or through the building exhaust system.  Exhaust 
air from Class I or II biological safety cabinets may be recirculated within the laboratory if the cabinet is tested 
and certified at least every twelve months.  If the HEPA-filtered exhaust air from Class I or II biological safety 
cabinets is to be discharged to the outside through the building exhaust air system, it is connected to this 
system in a manner (e.g., thimble unit connection (see Appendix G-III-L, Footnotes and References of Appendix 
G)) that avoids any interference with the air balance of the cabinets or building exhaust system. 

Appendix G-II-C-5. Biosafety Level 3 Enhanced for Research Involving Risk Group 3 Influenza 
Viruses.  (See Appendices G-II-C-2-n, G-II-C-2-r, and G-II-C-4-i for additional guidance for facilities, waste 
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handling, and serum collection for research involving mammaliantransmissible HPAI H5N1 virus. 

Appendix G-II-C-5-a. Containment, Practices, and Training for Research with Risk Group 3 Influenza 
Viruses (BL3 Enhanced). 

Appendix G-II-C-5-a-(1).  In addition to standard BL3 practices, the following additional personal protective 
equipment and practices shall be used:  (1) Powered Air-purifying Respirators (PAPR) are worn.  (2) Street 
clothes are changed to protective suit (e.g., wrap-back disposable gown, olefin protective suit).  (3) Double 
gloves (disposable) are worn.  For research with mammalian-transmissible HPAI H5N1 viruses, protective 
sleeves shall be worn over the gown while working in a biosafety cabinet.  (4) Appropriate shoe coverings are 
worn (e.g., double disposable shoe coverings, single disposable shoe coverings if worn with footwear dedicated 
to BL3 enhanced laboratory use, or impervious boots or shoes of rubber or other suitable material that can be 
decontaminated).  (5) Showers prior to exiting the laboratory should be considered depending on risk 
assessment of research activities, with the exception that showers prior to exiting the laboratory are required 
for all research with mammalian-transmissible HPAI H5N1 virus, including care of animals infected with 
mammalian-transmissible HPAI H5N1 virus.  (6) For research with mammalian-transmissible HPAI H5N1 
virus, prior to leaving containment, personal protective equipment shall be sprayed or wiped down with a 
disinfectant that has activity against influenza viruses.  (7) In order to promote adherence to proper 
practices, including proper removal of personal protective equipment, and reporting of any loss of 
containment or exposures, at least two individuals should be in the laboratory at all times when research 
with mammalian-transmissible HPAI H5N1 virus involves experimental procedures with animals or sharps, or 
when procedures are being conducted whereby the generation of aerosols is reasonably anticipated.  
Removal of personal protective equipment should be observed. 

Appendix G-II-C-5-a-(2).  As proper training of laboratory workers is an essential component of biosafety, 
retraining and periodic reassessments (at least annually) in BL3 enhanced practices, especially the proper use 
of respiratory equipment, such as PAPRs, and clothing changes are required.  For research with mammalian-
transmissible HPAI H5N1 virus, laboratory workers shall be required to sign a document acknowledging their 
understanding of and intent to adhere to biosafety, biosecurity, and occupational health requirements.  This 
document shall include a statement that the laboratory worker agrees to report any exposures or accidents, 
including those by other individuals in the lab. 

Appendix G-II-C-5-a-(3).  Reporting of all spills and accidents, even if relatively minor, is required as described 
in Appendix G-II-C-2-q. 

Appendix G-II-C-5-a-(4).  To avoid inadvertent cross contamination of 1918 H1N1, HPAI H5N1 or human H2N2 
(1957-1968):  (1) Containment facilities and practices appropriate for highest Risk Group virus shall be used at 
all times with lower Risk Group viruses, when studied in the same laboratory room.  (2) Tissue cultures with 
these viruses shall be conducted at separate times (temporal spacing) in the same room.  (3) Separate reagents 
shall be used to minimize risk of cross contamination.  (4) A laboratory worker shall not perform concurrent 
influenza virus experiments that carry the risk of unintended reassortment among 1918 H1N1, human H2N2 
(1957-1968), HPAI H5N1 and other human influenza viruses.  (5) Two or more laboratory workers shall not 
perform within the same work area simultaneous influenza virus experiments that carry the risk of unintended 
segment reassortment between 1918 H1N1, or HPAI H5N1, or human H2N2 (1957-1968) and other human 
influenza viruses.  (6) Between experiments good biosafety decontamination practices (e.g., surface and 
biosafety cabinet surface decontamination according to standard BL3 procedures) shall be used and there shall 
be a thirty minute wait period after decontamination before equipment is used for experiments with any other 
influenza A viruses.  (7) Between experiments, in addition to decontamination of the work area, clothing 
changes and PAPR disinfection shall be performed prior to handling a different influenza virus in the same work 
area.  (Shower-out capability may be required by USDA/APHIS for certain experiments with HPAI H5N1.) 

Appendix G-II-C-5-a-(5).  Continued susceptibility of the reassortant influenza viruses containing genes and/or 
segments from 1918 H1N1, HPAI H5N1, and human H2N2 (1957-1968) to antiviral agents shall be established 
by sequence analysis or suitable biological assays.  After manipulation of genes that influence sensitivity to 
antiviral agents, susceptibility to these agents shall be reconfirmed.  If susceptibility to neuraminidase inhibitors 
or other effective antiviral agents is lost as a result of genetic modification or serial passage of a mammalian-
transmissible HPAI H5N1 virus, then any research with this antiviral agent resistant virus shall be stopped 
and research shall only proceed after review by the NIH (as outlined in Section III-A-l-a) or the appropriate 
federal regulatory agency. 
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Appendix G-II-C-5-b. Containment for Animal Research. 
Guidance provided in Appendix G-II-C and Appendix Q-II-C is applicable with the following emphasis on 
standard BL3 or BL3-N containment or additional enhancements. 
 
Appendix G-II-C-5-b-(1).  Research with small animals shall be conducted in a class II biosafety cabinet.  Small 
animals such as rodents (e.g. mice, hamsters, rats, guinea pigs) can be housed within a negative pressure BL3 
animal suite using high-density individually vented caging (IVC) systems that independently supply high 
efficiency particulate air/HEPA-filtered and directional air circulation.  Other animals (e.g. rabbits, ferrets) that 
are of a size or have growth or caging requirements that preclude the use of high-density IVC systems are to be 
housed in negative pressure bioisolators. 
 
Appendix G-II-C-5-b-(2).  Large animals such as non-human primates shall be housed in primary barrier 
environments according to BL3-N containment requirements (see Appendix Q-II-C). 
 
Appendix G-II-C-5-b-(3).  Specialized training and proven competency in all assigned practices and procedures 
shall be required for laboratory staff, including staff involved in animal care. 
 
Appendix G-II-C-5-b-(4).  For HPAI H5N1 research, the NIH Guidelines defer to USDA/APHIS 
recommendations for biocontainment practices for loose housed animals. 
 
Appendix G-II-C-5-c. Occupational Health 
A detailed occupational health plan shall be developed in advance of working with these agents in consultation, 
as needed, with individuals with the appropriate clinical expertise.  In addition, the appropriate public health 
authority shall be consulted (e.g. local public health officials) on the plan and a mock drill of this plan shall be 
undertaken periodically.  The plan shall include a description of the incident reporting system in place for 
incidents, which include any loss of containment, spills, accidents, or potential exposures.  The plan must 
specify that all incidents must be reported immediately to the appropriate institutional authorities, and no 
later than 24 hours to the appropriate public health authorities (e.g., the USDA, the CDC, NIH, local and 
state health authorities). 
  
Appendix G-II-C-5-c-(1).  Laboratory workers shall be provided with medical cards which include, at a 
minimum, the following information: characterization of the influenza virus to which they have been potentially 
exposed, and 24-hour contact numbers for the Principal Investigator and institution’s occupational health care 
provider(s). 
 
Appendix G-II-C-5-c-(2).  A detailed occupational health plan shall include:  (1) Unless there is a medical 
contraindication to vaccination (e.g. severe egg allergy) annual seasonal influenza vaccination as prerequisite 
for research to reduce risk of influenza like illness that would require isolation and testing to rule out infection 
with experimental viruses and raise the risk for possible co-infection with circulating influenza strains.  (2) Virus 
specific vaccination, if available, should be offered and if a licensed HPAI H5N1 vaccine is available, and 
there are no medical contraindications, laboratory workers performing research with mammalian-
transmissible HPAI H5N1 virus should be vaccinated.  A post-vaccination serum sample shall be collected, 
assessed for immune response, and stored in accordance with institutional policy, at least for the time in 
which the laboratory worker continues to conduct HPAI H5N1 virus research.  (3) Reporting of all respiratory 
symptoms and/or fever (i.e. influenza-like illnesses).  For research involving mammalian-transmissible HPAI 
H5N1 virus, laboratory workers shall be actively monitored for influenza-like illness (i.e., fever and 
respiratory symptoms).  (4) 24-hour access to a medical facility that is prepared to implement appropriate 
respiratory isolation to prevent transmission and is able to provide appropriate antiviral agents.  Real-time 
reverse transcription-polymerase chain reaction (RT-PCR) assays should be used for virus detection and to 
discriminate these viruses from currently circulating human influenza viruses.  For exposures to viruses 
containing genes from 1918 H1N1 or the HA gene from human H2N2 (1957-1968), specimens shall be sent to 
the CDC for testing (RT-PCR and confirmatory sequencing). 
 
Appendix G-II-C-5-c-(3). In preparing to perform research with 1918 H1N1, human H2N2 (1957-1968), or HPAI 
H5N1, Principal Investigators should develop a clear plan specifying who will be contacted in the event of a 
potential exposure (during and after work hours) to conduct a risk assessment and make decisions as to the 
required response, including the need for and extent of isolation of the exposed worker.  After any kind of 
potential exposure, a rapid risk assessment shall be performed by the Principal Investigator, health and 
biosafety officials and subsequent actions should depend on the appraised level of risk of respiratory infection 
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for the individual and potential for transmission to others.  A laboratory worker performing research with either 
an influenza virus containing the HA gene from human H2N2 or an influenza virus containing genes and/or 
segments from 1918 H1N1 or mammalian-transmissible HPAI H5N1 viruses, shall be informed in advance that, 
in the case of a known laboratory exposure with a high risk for infection, e.g., involving the upper or lower 
respiratory tract or mucous membranes, the laboratory worker will need to be isolated in a predetermined 
facility, rather than home isolation, until infection can be ruled out by testing  (e.g., negative RT-PCR for 1918 
H1N1 or human H2N2 (1957-1968), or HPAI H5N1) of appropriately timed specimens.  Laboratory workers with 
a known laboratory exposure with high risk for infection during research with HPAI H5N1 virus strains that 
are not transmissible among mammals should be prepared to self-isolate (for example at home) until infection 
can be ruled out by testing (e.g., negative RT-PCR for HPAI H5N1) of appropriately timed specimens.  The 
action taken for other types of exposures should be based on the risk assessment.  In addition, based on the 
risk assessment: (1) treatment with appropriate antiviral agents shall be initiated, and (2) the appropriate public 
health authorities shall be notified. 

Appendix G-II-C-5-c-(4).  Influenza-like illness.  If an individual has entered (within ten days) a laboratory 
conducting research with influenza viruses containing the human H2N2 HA gene or any gene from the 1918 
H1N1 or HPAI H5N1 viruses, or housing animals exposed to such viruses, and the individual demonstrates 
symptoms and/or signs of influenza infection (e.g., fever/chills, cough, myalgias, headache), then he/she shall 
report by phone to the supervisor/Principal Investigator and other individuals identified in the occupational health 
plan.  If needed, the person with influenza-like illness shall be transported, under the appropriate isolation 
conditions, to a healthcare facility that can provide adequate respiratory isolation, appropriate medical therapy, 
and testing to determine whether the infection is due to a recombinant or synthetic influenza virus.  The 
appropriate public health authorities shall be informed whenever a suspected case is isolated. 

Appendix G-II-C-5-c-(5).  For 1918 H1N1 research, the use of antiviral agents (e.g., oseltamivir) for pre-
exposure prophylaxis shall be discussed with laboratory workers in advance including a discussion of the data 
on the safety of long term exposure to these agents and their ability to reduce the risk of clinical disease and the 
limits of the data regarding protection of close contacts and the community. 

Appendix G-II-C-5-c-(6). Antiviral agents for postexposure prophylaxis shall be provided only after medical 
evaluation.  Home supplies shall not be provided in advance for research with 1918 H1N1, mammalian-
transmissible HPAI H5N1 or influenza viruses containing the HA gene from human H2N2. 

Appendix G-II-D. Biosafety Level 4 (BL4) 

Appendix G-II-D-1. Standard Microbiological Practices (BL4) 

Appendix G-II-D-1-a.  Work surfaces are decontaminated at least once a day and immediately after any spill of 
viable material. 

Appendix G-II-D-1-b.  Only mechanical pipetting devices are used. 

Appendix G-II-D-1-c.  Eating, drinking, smoking, storing food, and applying cosmetics are not permitted in the 
laboratory. 

Appendix G-II-D-1-d.  All procedures are performed carefully to minimize the creation of aerosols. 

Appendix G-II-D-2. Special Practices (BL4) 

Appendix G-II-D-2-a.  Biological materials to be removed from the Class III cabinets or from the maximum 
containment laboratory in a viable or intact state are transferred to a non-breakable, sealed primary container 
and then enclosed in a non-breakable, sealed secondary container which is removed from the facility through a 
disinfectant dunk tank, fumigation chamber, or an airlock designed for this purpose. 

Appendix G-II-D-2-b.  No materials, except for biological materials that are to remain in a viable or intact state, 
are removed from the maximum containment laboratory unless they have been autoclaved or decontaminated 
before exiting the facility.  Equipment or material which might be damaged by high temperatures or steam is 
decontaminated by gaseous or vapor methods in an airlock or chamber designed for this purpose. 
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Appendix G-II-D-2-c.  Only persons whose presence in the facility or individual laboratory rooms is required for 
program or support purposes are authorized to enter.  The supervisor has the final responsibility for assessing 
each circumstance and determining who may enter or work in the laboratory.  Access to the facility is limited by 
means of secure, locked doors; accessibility is managed by the Principal Investigator, Biological Safety Officer, 
or other person responsible for the physical security of the facility.  Before entering, persons are advised of the 
potential biohazards and instructed as to appropriate safeguards for ensuring their safety.  Authorized persons 
comply with the instructions and all other applicable entry and exit procedures.  A logbook signed by all 
personnel indicates the date and time of each entry and exit.  Practical and effective protocols for emergency 
situations are established. 

Appendix G-II-D-2-d.  Personnel enter and exit the facility only through the clothing change and shower rooms. 
Personnel shower each time they exit the facility.  Personnel use the air locks to enter or exit the laboratory only 
in an emergency. 

Appendix G-II-D-2-e.  Street clothing is removed in the outer clothing change room and kept there.  Complete 
laboratory clothing (may be disposable), including undergarments, pants and shirts or jump suits, shoes, and 
gloves, is provided and used by all personnel entering the facility.  Head covers are provided for personnel who 
do not wash their hair during the exit shower.  When exiting the laboratory and before proceeding into the 
shower area, personnel remove their laboratory clothing and store it in a locker or hamper in the inner change 
room.  Protective clothing shall be decontaminated prior to laundering or disposal. 

Appendix G-II-D-2-f.  When materials that contain organisms containing recombinant or synthetic nucleic acid 
molecules or experimental animals are present in the laboratory or animal rooms, a hazard warning sign 
incorporating the universal biosafety symbol is posted on all access doors.  The sign identifies the agent, lists 
the name of the Principal Investigator or other responsible person(s), and indicates any special requirements for 
entering the area (e.g., the need for immunizations or respirators). 

Appendix G-II-D-2-g.  Supplies and materials needed in the facility are brought in by way of the double-doored 
autoclave, fumigation chamber, or airlock which is appropriately decontaminated between each use.  After 
securing the outer doors, personnel within the facility retrieve the materials by opening the interior doors or the 
autoclave, fumigation chamber, or airlock.  These doors are secured after materials are brought into the facility. 

Appendix G-II-D-2-h.  An insect and rodent control program is in effect. 

Appendix G-II-D-2-i.  Materials (e.g., plants, animals, and clothing) not related to the experiment being 
conducted are not permitted in the facility. 

Appendix G-II-D-2-j.  Hypodermic needles and syringes are used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle-locking syringes or disposable syringe-
needle units (i.e., needle is integral part of unit) are used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Needles should not be bent, sheared, 
replaced in the needle sheath or guard, or removed from the syringe following use.  The needle and syringe 
should be placed in a puncture-resistant container and decontaminated, preferably by autoclaving before 
discard or reuse.  Whenever possible, cannulas are used instead of sharp needles (e.g., gavage). 

Appendix G-II-D-2-k.  A system is set up for reporting laboratory accidents, exposures, employee absenteeism, 
and for the medical surveillance of potential laboratory-associated illnesses.  Spills and accidents which result in 
overt exposures to organisms containing recombinant or synthetic nucleic acid molecules are immediately 
reported to the Biological Safety Officer, Institutional Biosafety Committee, and NIH OSP.  Reports to the NIH 
OSP shall be sent to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Written records are prepared and maintained.  An essential adjunct to such a reporting-
surveillance system is the availability of a facility for quarantine, isolation, and medical care of personnel with 
potential or known laboratory associated illnesses. 

Appendix G-II-D-2-l. Containment for Animal Research 

Appendix G-II-D-2-l-(1).  Laboratory animals involved in experiments requiring BL4 level physical containment 
shall be housed either in cages contained in Class III cabinets or in partial containment caging systems, such as 
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Horsfall units (see Appendix G-III-K, Footnotes and References of Appendix G), open cages placed in ventilated 
enclosures, or solid-wall and -bottom cages placed on holding racks equipped with ultraviolet irradiation lamps 
and reflectors that are located in a specially designed area in which all personnel are required to wear one-piece 
positive pressure suits. 
 
Appendix G-II-D-2-l-(2).  Non-human primates (NHP) may be housed (1) under the containment conditions 
described in Appendix G-II-D-2-l-(1) above, or (2) in open cages within a dedicated animal holding room that 
serves as the primary barrier and in which all personnel are required to wear one-piece positive pressure suits.  
A room serving as a primary barrier must be air-tight and capable of being decontaminated using fumigation. 
If NHPs are to be contained in a dedicated animal holding room serving as the primary barrier, the following 
conditions shall be met:   
(i)  Access to the animal holding room from service corridors outside of the BL4  containment space shall require 
passage through two sets of doors, and the inner most door must be an air pressure resistant (APR) door;  
(ii) For any animal holding room considered to be a primary barrier, APR door(s) providing direct ingress from 
the exterior service corridor shall be fitted with appropriate and redundant lock-out mechanisms to prevent 
access when the animal holding room is contaminated and in use.  There should be more than one mechanism 
to ensure that this primary barrier door cannot be opened when the animal room is contaminated and the APR 
door shall not serve as an emergency exit from the BL4 laboratory.  The APR door shall be appropriately tested 
to demonstrate that in the closed, locked-out mode, the door provides an air-tight barrier proven by pressure 
decay testing or other equivalent method;  
(iii) Any door(s) allowing access into a corridor from which there is direct ingress to an animal holding room must 
be fitted with either (1) an APR door or (2) a non-APR door, provided directional airflow is maintained from the 
laboratory corridor space into the animal room. For the purpose of fumigation, animal rooms equipped with non-
APR doors opening into the adjacent interior corridors shall be considered one space (i.e., areas between air-
tight doors shall be fumigated together);   
(iv) Any door(s) used for access to the service corridor (the secondary barrier) shall be self-closing and of solid 
construction, designed not to corrode, split or warp;  
(v) Access to the service corridor inside the secondary barrier shall be restricted and strictly controlled when 
animal rooms are in use.  Whenever possible, the secondary barrier door(s) should be fitted with safety interlock 
switches designed to prevent it from opening when an animal holding room door (the primary barrier) is opened 
following room decontamination; if interlock devices cannot be used, specific administrative procedures shall be 
implemented to control access to the service corridor; 
(vi) The service corridor shall maintain a negative pressure (inward directional airflow) relative to adjoining traffic 
corridors;  
(vii) Prior to fumigation of the animal holding room, cages should be removed for autoclaving or chemical 
decontamination; 
(viii) Caging should be chosen to reduce the amount of animal detritus that can be thrown out of the cage and 
onto the floor of the animal holding room; 
(ix) The flow of personnel, material and equipment should be directed in order to minimize the spread of 
contamination from the animal holding room into adjacent areas of the laboratory; 
(x) Following animal room decontamination, safeguards involving the use of personal protective equipment and 
appropriate administrative controls shall be implemented for the safe retrieval of biological indicators in order to 
prevent the spread of infectious agents in the event of a decontamination failure. 
 
Appendix G-II-D-2-m. Alternative Selection of Containment Equipment (BL4) 
 
Experimental procedures involving a host-vector system that provides a one-step higher level of biological 
containment than that specified may be conducted in the BL4 facility using containment equipment requirements 
specified for the BL3 level of physical containment.  Alternative combinations of containment safeguards are 
shown in Appendix G-Table 1, Possible Alternate Combinations of Physical and Biological Containment 
Safeguards. 
 
Appendix G-II-D-3. Containment Equipment (BL4) 
 
Appendix G-II-D-3-a.  All procedures within the facility with agents assigned to Biosafety Level 4 are conducted 
in the Class III biological safety cabinet or in Class I or II biological safety cabinets used in conjunction with one-
piece positive pressure personnel suits ventilated by a life-support system. 
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Appendix G-II-D-4. Laboratory Facilities (BL4) 

Appendix G-II-D-4-a.  The maximum containment facility consists of either a separate building or a clearly 
demarcated and isolated zone within a building.  Outer and inner change rooms separated by a shower are 
provided for personnel entering and exiting the facility.  A double-doored autoclave, fumigation chamber, or 
ventilated airlock is provided for passage of those materials, supplies, or equipment which are not brought into 
the facility through the change room. 

Appendix G-II-D-4-b.  Walls, floors, and ceilings of the facility are constructed to form a sealed internal shell 
which facilitates fumigation and is animal and insect proof.  The internal surfaces of this shell are resistant to 
liquids and chemicals, thus facilitating cleaning and decontamination of the area.  All penetrations in these 
structures and surfaces are sealed.  Any drains in the floors contain traps filled with a chemical disinfectant of 
demonstrated efficacy against the target agent, and they are connected directly to the liquid waste 
decontamination system.  Sewer and other ventilation lines contain high efficiency particulate air/HEPA filters. 

Appendix G-II-D-4-c.  Internal facility appurtenances, such as light fixtures, air ducts, and utility pipes, are 
arranged to minimize the horizontal surface area on which dust can settle. 

Appendix G-II-D-4-d.  Bench tops have seamless surfaces which are impervious to water and resistant to 
acids, alkalis, organic solvents, and moderate heat. 

Appendix G-II-D-4-e.  Laboratory furniture is simple and of sturdy construction; and spaces between benches, 
cabinets, and equipment are accessible for cleaning. 

Appendix G-II-D-4-f.  A foot, elbow, or automatically operated hand washing sink is provided near the door of 
each laboratory room in the facility. 

Appendix G-II-D-4-g.  If there is a central vacuum system, it does not serve areas outside the facility.  In-line 
high efficiency particulate air/HEPA filters are placed as near as practicable to each use point or service cock. 
Filters are installed to permit in-place decontamination and replacement.  Other liquid and gas services to the 
facility are protected by devices that prevent back-flow. 

Appendix G-II-D-4-h.  If water fountains are provided, they are foot operated and are located in the facility 
corridors outside the laboratory.  The water service to the fountain is not connected to the back-flow protected 
distribution system supplying water to the laboratory areas. 
Appendix G-II-D-4-i.  Access doors to the laboratory are self-closing and locking. 

Appendix G-II-D-4-j.  Any windows are breakage resistant. 

Appendix G-II-D-4-k.  A double-door autoclave is provided for decontaminating materials passing out of the 
facility.  The autoclave door which opens to the area external to the facility is sealed to the outer wall and 
automatically controlled so that the outside door can only be opened after the autoclave "sterilization" cycle has 
been completed. 

Appendix G-II-D-4-l.  A pass-through dunk tank, fumigation chamber, or an equivalent decontamination method 
is provided so that materials and equipment that cannot be decontaminated in the autoclave can be safely 
removed from the facility. 

Appendix G-II-D-4-m.  Liquid effluent from laboratory sinks, biological safety cabinets, floors, and autoclave 
chambers are decontaminated by heat treatment before being released from the maximum containment facility. 
Liquid wastes from shower rooms and toilets may be decontaminated with chemical disinfectants or by heat in 
the liquid waste decontamination system.  The procedure used for heat decontamination of liquid wastes is 
evaluated mechanically and biologically by using a recording thermometer and an indicator microorganism with 
a defined heat susceptibility pattern.  If liquid wastes from the shower room are decontaminated with chemical 
disinfectants, the chemical used is of demonstrated efficacy against the target or indicator microorganisms. 

Appendix G-II-D-4-n.  An individual supply and exhaust air ventilation system is provided.  The system 
maintains pressure differentials and directional airflow as required to assure flows inward from areas outside of 
the facility toward areas of highest potential risk within the facility.  Manometers are used to sense pressure 
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differentials between adjacent areas maintained at different pressure levels.  If a system malfunctions, the 
manometers sound an alarm.  The supply and exhaust airflow is interlocked to assure inward (or zero) airflow at 
all times. 
 
Appendix G-II-D-4-o.  The exhaust air from the facility is filtered through high efficiency particulate air/HEPA 
filters and discharged to the outside so that it is dispersed away from occupied buildings and air intakes.  Within 
the facility, the filters are located as near the laboratories as practicable in order to reduce the length of 
potentially contaminated air ducts.  The filter chambers are designed to allow in situ decontamination before 
filters are removed and to facilitate certification testing after they are replaced.  Coarse filters and HEPA filters 
are provided to treat air supplied to the facility in order to increase the lifetime of the exhaust HEPA filters and to 
protect the supply air system should air pressures become unbalanced in the laboratory. 
 
Appendix G-II-D-4-p.  The treated exhaust air from Class I and II biological safety cabinets may be discharged 
into the laboratory room environment or the outside through the facility air exhaust system.  If exhaust air from 
Class I or II biological safety cabinets is discharged into the laboratory the cabinets are tested and certified at 
minimum on a yearly basis.  More frequent testing and certification, based on the amount of use or other safety 
factors, shall be left to the discretion of the IBC.  The exhaust air from Class III biological safety cabinets is 
discharged, without recirculation through two sets of high efficiency particulate air/HEPA filters in series, via the 
facility exhaust air system.  If the treated exhaust air from any of these cabinets is discharged to the outside 
through the facility exhaust air system, it is connected to this system in a manner (e.g., thimble unit connection 
(see Appendix G-III-L, Footnotes and References of Appendix G)) that avoids any interference with the air 
balance of the cabinets or the facility exhaust air system. 
 
Appendix G-II-D-4-q.  A specially designed suit area may be provided in the facility.  Personnel who enter this 
area shall wear a one-piece positive pressure suit that is ventilated by a life-support system.  The life-support 
system includes alarms and emergency backup breathing air tanks.  Entry to this area is through an airlock fitted 
with airtight doors.  A chemical shower is provided to decontaminate the surface of the suit before the worker 
exits the area.  The exhaust air from the suit area is filtered by two sets of high efficiency particulate air/HEPA 
filters installed in series.  A duplicate filtration unit, exhaust fan, and an automatically starting emergency power 
source are provided.  The air pressure within the suit area is greater than that of any adjacent area.  Emergency 
lighting and communication systems are provided.  All penetrations into the internal shell of the suit are sealed.  
A double-doored autoclave is provided for decontaminating waste materials to be removed from the suit areas. 
 
Appendix G - Table 1. Possible Alternate Combinations Of Physical And Biological Containment 
Safeguards 
 

Classification 
of Physical & 

Biological 
Containment 

Alternate Physical Containment Alternate 
Biological 

Containment Laboratory 
Facilities 

Laboratory 
Practices 

Laboratory 
Equipment 

BL3/HV2 BL3 BL3 BL3 HV2 
BL3 BL3 BL4 HV1 

BL3/HV1 BL3 BL3 BL3 HV1 
BL3 BL3 BL2 HV2 

BL4/HV1 BL4 BL4 BL4 HV1 
BL4 BL4 BL3 HV2 

 
BL - Biosafety Level 
HV - Host-Vector System 
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Appendix G-III. Footnotes and References of Appendix G 

Appendix G-III-A.  Biosafety in Microbiological and Biomedical Laboratories, 5th edition, 2007, DHHS, Public 
Health Service, Centers for Disease Control and Prevention, Atlanta, Georgia, and National Institutes of Health, 
Bethesda, Maryland. 

Appendix G-III-B.  Biosafety in Microbiological and Biomedical Laboratories, 3rd edition, May 1993, U.S. 
DHHS, Public Health Service, Centers for Disease Control and Prevention, Atlanta, Georgia, and NIH, 
Bethesda, Maryland. 

Appendix G-III-C.  National Cancer Institute Safety Standards for Research Involving Oncogenic Viruses, U.S. 
Department of Health, Education, and Welfare Publication No. (NIH) 75-790, October 1974. 

Appendix G-III-D.  National Institutes of Health Biohazards Safety Guide, U.S. Department of Health, 
Education, and Welfare, Public Health Service, NIH, U.S. Government Printing Office, Stock No. 1740-00383, 
1974. 

Appendix G-III-E.  A. Hellman, M. N. Oxman, and R. Pollack (eds.), Biohazards in Biological Research, Cold 
Spring Harbor Laboratory 1973. 

Appendix G-III-F.  N. V. Steere (ed.), Handbook of Laboratory Safety, 2nd edition, The Chemical Rubber Co., 
Cleveland, Ohio, 1971. 

Appendix G-III-G.  Bodily, J. L, "General Administration of the Laboratory," H. L. Bodily, E. L. Updyke, and J. O. 
Mason (eds.), Diagnostic Procedures for Bacterial, Mycotic, and Parasitic Infections, American Public Health 
Association, New York, 1970, pp. 11-28. 

Appendix G-III-H.  Darlow, H. M. (1969).  "Safety in the Microbiological Laboratory," in J. R. Norris and D. W. 
Robbins (eds.), Methods in Microbiology, Academic Press, Inc., New York, pp. 169-204. 

Appendix G-III-I.  The Prevention of Laboratory Acquired Infection, C. H. Collins, E. G. Hartley, and R. 
Pilsworth, Public Health Laboratory Service, Monograph Series No. 6, 1974. 

Appendix G-III-J.  Chatigny, M. A., "Protection Against Infection in the Microbiological Laboratory:  Devices and 
Procedures," in W. W. Umbreit (ed.), Advances in Applied Microbiology, Academic Press, New York, New York, 
1961, 3:131-192. 

Appendix G-III-K.  Horsfall, F. L. Jr., and J. H. Baner, Individual Isolation of Infected Animals in a Single Room, 
J. Bact., 1940, 40, 569-580. 

Appendix G-III-L.  Biological safety cabinets referred to in this section are classified as Class I, Class II, or 
Class III cabinets.  A Class I is a ventilated cabinet for personnel protection having an inward flow of air away 
from the operator.  The exhaust air from this cabinet is filtered through a high efficiency particulate air/HEPA 
filter.  This cabinet is used in three operational modes:  (i) with a full-width open front, (ii) with an installed front 
closure panel (having four 6-inch diameter openings) without gloves, and (iii) with an installed front closure 
panel equipped with arm-length rubber gloves.  The face velocity of the inward flow of air through the full-width 
open front is 75 feet per minute or greater.  A Class II cabinet is a ventilated cabinet for personnel and product 
protection having an open front with inward air flow for personnel protection, and HEPA filtered mass 
recirculated air flow for product protection.  The cabinet exhaust air is filtered through a HEPA filter.  The face 
velocity of the inward flow of air through the full-width open front is 75 feet per minute or greater.  Design and 
performance specifications for Class II cabinets have been adopted by the National Sanitation Foundation, Ann 
Arbor, Michigan.  A Class III cabinet is a closed-front ventilated cabinet of gas tight construction which provides 
the highest level of personnel protection of all biosafety safety cabinets.  The interior of the cabinet is protected 
from contaminants exterior to the cabinet.  The cabinet is fitted with arm-length rubber gloves and is operated 
under a negative pressure of at least 0.5 inches water gauge.  All supply air is filtered through HEPA filters.  
Exhaust air is filtered through two HEPA filters or one HEPA filter and incinerator before being discharged to the 
outside environment.  National Sanitation Foundation Standard 49. 1976.  Class II (Laminar Flow) Biohazard 
Cabinetry, Ann Arbor, Michigan. 
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Appendix G-III-M.  Biosafety Level 1 is suitable for work involving agents of unknown or minimal potential 
hazard to laboratory personnel and the environment.  The laboratory is not separated from the general traffic 
patterns in the building.  Work is generally conducted on open bench tops.  Special containment equipment is 
not required or generally used.  Laboratory personnel have specific training in the procedures conducted in the 
laboratory and are supervised by a scientist with general training in microbiology or a related science (see 
Appendix G-III-A, Footnotes and References of Appendix G). 
 
Appendix G-III-N.  Biosafety Level 2 is similar to Level 1 and is suitable for work involving agents of moderate 
potential hazard to personnel and the environment.  It differs in that:  (1) laboratory personnel have specific 
training in handling pathogenic agents and are directed by competent scientists; (2) access to the laboratory is 
limited when work is being conducted; and (3) certain procedures in which infectious aerosols are created are 
conducted in biological safety cabinets or other physical containment equipment (see Appendix G-III-A, 
Footnotes and References of Appendix G). 
 
Appendix G-III-O.  Office of Research Safety, National Cancer Institute, and the Special Committee of Safety 
and Health Experts, Laboratory Safety Monograph:  A Supplement to the NIH Guidelines for Recombinant DNA 
Research, NIH, Bethesda, Maryland 1978. 
 
Appendix G-III-P.  Biosafety Level 3 is applicable to clinical, diagnostic, teaching, research, or production 
facilities in which work is conducted with indigenous or exotic agents which may cause serious or potentially 
lethal disease as a result of exposure by the inhalation route.  Laboratory personnel have specific training in 
handling pathogenic and potentially lethal agents and are supervised by competent scientists who are 
experienced in working with these agents.  All procedures involving the manipulation of infectious material are 
conducted within biological safety cabinets or other physical containment devices or by personnel wearing 
appropriate personal protective clothing and devices.  The laboratory has special engineering and design 
features.  It is recognized, however, that many existing facilities may not have all the facility safeguards 
recommended for BL3 (e.g., access zone, sealed penetrations, and directional airflow, etc.).  In these 
circumstances, acceptable safety may be achieved for routine or repetitive operations (e.g., diagnostic 
procedures involving the propagation of an agent for identification, typing, and susceptibility testing) in 
laboratories where facility features satisfy BL2 recommendations provided the recommended "Standard 
Microbiological Practices," "Special Practices," and "Containment Equipment" for BL3 are rigorously followed.  
The decision to implement this modification of BL3 recommendations should be made only by the Principal 
Investigator. 
 
*********************************************************************************************************************** 
 
 
APPENDIX H. SHIPMENT 
 
Recombinant or synthetic nucleic acid molecules contained in an organism or in a viral genome shall be shipped 
under the applicable regulations of the U.S. Postal Service (39 Code of Federal Regulations, Part 3); the Public 
Health Service (42 Code of Federal Regulations, Part 72); the U.S. Department of Agriculture (9 Code of 
Federal Regulations, Subchapters D and E; 7 CFR, Part 340); and/or the U.S. Department of Transportation (49 
Code of Federal Regulations, Parts 171-179). 
 
Note.  A host-vector system may be proposed for certification by the NIH Director in accordance with the 
procedures set forth in Appendix I-II, Certification of Host-Vector Systems.  In order to ensure protection for 
proprietary data, any public notice regarding a host-vector system which is designated by the institution as 
proprietary under Section IV-D, Voluntary Compliance, will be issued only after consultation with the institution 
as to the content of the notice (see Section IV-D-3, Certification of Host-Vector Systems - Voluntary 
Compliance). 
 
Appendix H-I.  Host organisms or viruses will be shipped as etiologic agents, regardless of whether they 
contain recombinant or synthetic nucleic acid molecules, if they are regulated as human pathogens by the 
Public Health Service (42 Code of Federal Regulations, Part 72) or as animal pathogens or plant pests under 
the U.S. Department of Agriculture, Animal and Plant Health Inspection Service (Titles 9 and 7 Code of Federal 
Regulations, respectively). 
 
Appendix H-II.  Host organisms and viruses will be shipped as etiologic agents if they contain recombinant or 
synthetic nucleic acid molecules when:  (i) the recombinant or synthetic nucleic acid molecule includes the 
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complete genome of a host organism or virus regulated as a human or animal pathogen or a plant pest; or (ii) 
the recombinant or synthetic nucleic acid molecule codes for a toxin or other factor directly involved in eliciting 
human, animal, or plant disease or inhibiting plant growth, and is carried on an expression vector or within the 
host chromosome and/or when the host organism contains a conjugation proficient plasmid or a generalized 
transducing phage; or (iii) the recombinant or synthetic nucleic acid molecule comes from a host organism or 
virus regulated as a human or animal pathogen or as a plant pest and has not been adequately characterized to 
demonstrate that it does not code for a factor involved in eliciting human, animal, or plant disease. 
 
Appendix H-III. Footnotes and References of Appendix H 
 
For further information on shipping etiologic agents contact:  (i) The Centers for Disease Control and Prevention, 
ATTN:  Biohazards Control Office, 1600 Clifton Road, Atlanta, Georgia 30333, (404) 639-3883, FTS 236-3883; 
(ii) The U.S. Department of Transportation, ATTN:  Office of Hazardous Materials Transportation, 400 7th 
Street, S.W., Washington, DC 20590, (202) 366-4545; or (iii) U.S. Department of Agriculture, ATTN:  Animal and 
Plant Health Inspection Service (APHIS), Veterinary Services, National Center for Import-Export, Products 
Program, 4700 River Road, Unit 40, Riverdale, Maryland 20737.  Phone:  (301) 734-8499; Fax:  (301) 734-
8226. 
 
*********************************************************************************************************************** 
 
 
APPENDIX I. BIOLOGICAL CONTAINMENT (See Appendix E, Certified Host-Vector Systems) 
 
Appendix I-I. Levels of Biological Containment 
 
In consideration of biological containment, the vector (plasmid, organelle, or virus) for the recombinant or 
synthetic nucleic acid molecule and the host (bacterial, plant, or animal cell) in which the vector is propagated in 
the laboratory will be considered together.  Any combination of vector and host which is to provide biological 
containment shall be chosen or constructed so that the following types of "escape" are minimized:  (i) survival of 
the vector in its host outside the laboratory, and (ii) transmission of the vector from the propagation host to other 
non-laboratory hosts.  The following levels of biological containment (host-vector systems) for prokaryotes are 
established.  Appendices I-I-A through I-II-B describe levels of biological containment (host-vector systems) for 
prokaryotes.  Specific criteria will depend on the organisms to be used. 
 
Appendix I-I-A. Host-Vector 1 Systems  
 
Host-Vector 1 systems provide a moderate level of containment.  Specific Host-Vector 1 systems are: 
 
Appendix I-I-A-1. Escherichia coli K-12 Host-Vector 1 Systems (EK1)  
 
The host is always Escherichia coli K-12 or a derivative thereof, and the vectors include non-conjugative 
plasmids (e.g., pSC101, Co1E1, or derivatives thereof (see Appendices I-III-A through G, Footnotes and 
References of Appendix I) and variants of bacteriophage, such as lambda (see Appendices I-III-H through O, 
Footnotes and References of Appendix I).  The Escherichia coli K-12 hosts shall not contain conjugation-
proficient plasmids, whether autonomous or integrated, or generalized transducing phages. 
 
Appendix I-I-A-2. Other Host-Vector 1 Systems 
 
At a minimum, hosts and vectors shall be comparable in containment to Escherichia coli K-12 with a non-
conjugative plasmid or bacteriophage vector.  Appendix I-II, Certification of Host-Vector Systems, describes the 
data to be considered and mechanism for approval of Host-Vector 1 systems. 
 
Appendix I-I-B. Host-Vector 2 Systems (EK2) 
 
Host-Vector 2 Systems provide a high level of biological containment as demonstrated by data from suitable 
tests performed in the laboratory.  Escape of the recombinant or synthetic nucleic acid molecule either via 
survival of the organisms or via transmission of the recombinant or synthetic nucleic acid molecule to other 
organisms should be < 1/108 under specified conditions.  Specific Host-Vector 2 systems are: 
  
Appendix I-I-B-1.  For Escherichia coli K-12 Host-Vector 2 systems (EK2) in which the vector is a plasmid, no 
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more than 1/108 host cells shall perpetuate a cloned DNA fragment under the specified non-permissive 
laboratory conditions designed to represent the natural environment, either by survival of the original host or as 
a consequence of transmission of the cloned DNA fragment. 

Appendix I-I-B-2.  For Escherichia coli K-12 Host-Vector 2 systems (EK2) in which the vector is a phage, no 
more than 1/108 phage particles shall perpetuate a cloned DNA fragment under the specified non-permissive 
laboratory conditions designed to represent the natural environment, either as a prophage (in the inserted or 
plasmid form) in the laboratory host used for phage propagation, or survival in natural environments and 
transferring a cloned DNA fragment to other hosts (or their resident prophages). 

Appendix I-II. Certification of Host-Vector Systems 

Appendix I-II-A. Responsibility 

Host-Vector 1 systems (other than Escherichia coli K-12) and Host-Vector 2 systems may not be designated as 
such until they have been certified by the NIH Director.  Requests for certification of host-vector systems may be 
submitted to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Proposed host-vector systems will be reviewed by the RAC (see Section IV-C-1-b-(1)-
(f), Major Actions).  Initial review will based on the construction, properties, and testing of the proposed host-
vector system by a subcommittee composed of one or more RAC members and/or ad hoc experts.  The RAC 
will evaluate the subcommittee's report and any other available information at the next scheduled RAC meeting.  
The NIH Director is responsible for certification of host-vector systems, following advice of the RAC.  Minor 
modifications to existing host-vector systems (i.e., those that are of minimal or no consequence to the 
properties relevant to containment) may be certified by the NIH Director without prior RAC review (see Section 
IV-C-1-b-(2)-(f), Minor Actions).  Once a host-vector system has been certified by the NIH Director, a notice of 
certification will be sent by NIH OSP to the applicant and to the Institutional Biosafety Committee Chairs.  A list 
of all currently certified host-vector systems is available from the Office of Science Policy, National Institutes of 
Health, preferably by submitting a request for this information to:  NIHGuidelines@od.nih.gov; additional contact 
information is also available here and on the OSP website (www.osp.od.nih.gov).  The NIH Director may rescind 
the certification of a host-vector system (see Section IV-C-1-b-(2)-(g), Minor Actions).  If certification is 
rescinded, NIH will instruct investigators to transfer cloned DNA into a different system or use the clones at a 
higher level of physical containment level, unless NIH determines that the already constructed clones 
incorporate adequate biological containment.  Certification of a host-vector system does not extend to 
modifications of either the host or vector component of that system.  Such modified systems shall be 
independently certified by the NIH Director.  If modifications are minor, it may only be necessary for the 
investigator to submit data showing that the modifications have either improved or not impaired the major 
phenotypic traits on which the containment of the system depends.  Substantial modifications to a certified host-
vector system requires submission of complete testing data. 

Appendix I-II-B. Data to be Submitted for Certification 

Appendix I-II-B-1. Host-Vector 1 Systems Other than Escherichia coli K-12 

The following types of data shall be submitted, modified as appropriate for the particular system under 
consideration:  (i) a description of the organism and vector; the strain's natural habitat and growth requirements; 
its physiological properties, particularly those related to its reproduction, survival, and the mechanisms by which 
it exchanges genetic information; the range of organisms with which this organism normally exchanges genetic 
information and the type of information is exchanged; and any relevant information about its pathogenicity or 
toxicity; (ii) a description of the history of the particular strains and vectors to be used, including data on any 
mutations which render this organism less able to survive or transmit genetic information; and (iii) a general 
description of the range of experiments contemplated with emphasis on the need for developing such an Host-
Vector 1 system. 

Appendix I-II-B-2. Host-Vector 2 Systems 

Investigators planning to request Host-Vector 2 systems certification may obtain instructions from NIH OSP 
concerning data to be submitted (see Appendices I-III-N and O, Footnotes and References of Appendix I).  In 
general, the following types of data are required:  (i) description of construction steps with indication of source, 
properties, and manner of introduction of genetic traits; (ii) quantitative data on the stability of genetic traits that 
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contribute to the containment of the system; (iii) data on the survival of the host-vector system under non-
permissive laboratory conditions designed to represent the relevant natural environment; (iv) data on 
transmissibility of the vector and/or a cloned DNA fragment under both permissive and non-permissive 
conditions; (v) data on all other properties of the system which affect containment and utility, including 
information on yields of phage or plasmid molecules, ease of DNA isolation, and ease of transfection or 
transformation; and (vi) in some cases, the investigator may be asked to submit data on survival and vector 
transmissibility from experiments in which the host-vector is fed to laboratory animals or one or more human 
subjects.  Such in vivo data may be required to confirm the validity of predicting in vivo survival on the basis of in 
vitro experiments.  Data shall be submitted 12 weeks prior to the RAC meeting at which such data will be 
considered by the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov). Investigators are encouraged to publish their data on the construction, properties, and 
testing of proposed Host Vector 2 systems prior to consideration of the system by the RAC and its 
subcommittee.  Specific instructions concerning the submission of data for proposed Escherichia coli K-12 Host-
Vector 2 system (EK2) involving either plasmids or bacteriophage in Escherichia coli K-12, are available from 
the Office of Science Policy, National Institutes of Health, preferably by submitting a request for this information 
to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov). 

Appendix I-III. Footnotes and References of Appendix I 

Appendix I-III-A.  Hersfield, V., H. W. Boyer, C. Yanofsky, M. A. Lovett, and D. R. Helinski, Plasmid Co1E1 as a 
Molecular Vehicle for Cloning and Amplification of DNA.  Proc. Nat. Acad. Sci., 1974, 71, pp. 3455-3459. 

Appendix I-III-B.  Wensink, P. C., D. J. Finnegan, J. E. Donelson, and D. S. Hogness, A System for Mapping 
DNA Sequences in the Chromosomes of Drosophila Melanogaster.  Cell, 1974, 3, pp. 315-335. 

Appendix I-III-C.  Tanaka, T., and B. Weisblum, Construction of a Colicin El-R Factor Composite Plasmid in 
Vitro:  Means for Amplification of Deoxyribonucleic Acid.  J. Bacteriol., 1975, 121, pp. 354-362. 

Appendix I-III-D.  Armstrong, K. A., V. Hershfield, and D. R. Helinski, Gene Cloning and Containment 
Properties of Plasmid Col E1 and Its Derivatives, Science, 1977, 196, pp. 172-174. 

Appendix I-III-E.  Bolivar, F., R. L. Rodriguez, M. C. Betlack, and H. W. Boyer, Construction and 
Characterization of New Cloning Vehicles:  I.  Ampicillin-Resistant Derivative of PMB9, Gene, 1977, 2, pp. 75-
93. 

Appendix I-III-F.  Cohen, S. N., A. C. W. Chang, H. Boyer, and R. Helling. Construction of Biologically 
Functional Bacterial Plasmids in Vitro.  Proc. Natl. Acad, Sci., 1973, 70, pp. 3240-3244. 

Appendix I-III-G.  Bolivar, F., R. L. Rodriguez, R. J. Greene, M. C.Batlack, H. L. Reyneker, H. W. Boyer, J. H. 
Cross, and S. Falkow, 1977, Construction and Characterization of New Cloning Vehicles II.  A Multi-Purpose 
Cloning System, Gene, 1977, 2, pp. 95-113. 

Appendix I-III-H.  Thomas, M., J. R. Cameron, and R. W. Davis (1974).  Viable Molecular Hybrids of 
Bacteriophage Lambda and Eukaryotic DNA.  Proc. Nat. Acad. Sci., 1974, 71, pp. 4579-4583. 

Appendix I-III-I.  Murray, N. E., and K. Murray, Manipulation of Restriction Targets in Phage Lambda to Form 
Receptor Chromosomes for DNA Fragments. Nature, 1974, 51, pp. 476-481. 

Appendix I-III-J.  Ramback, A., and P. Tiollais (1974).  Bacteriophage Having EcoRI Endonuclease Sites Only 
in the Non-Essential Region of the Genome.  Proc. Nat. Acad. Sci., 1974, 71, pp. 3927-3820. 

Appendix I-III-K.  Blattner, F. R., B. G. Williams, A. E. Bleche, K. Denniston-Thompson, H. E. Faber, L. A. 
Furlong, D. J. Gunwald, D. O. Kiefer, D. D. Moore, J. W. Shumm, E. L. Sheldon, and O. Smithies, Charon 
Phages:  Safer Derivatives of Bacteriophage Lambda for DNA Cloning, Science 1977, 196, pp. 163-169. 

Appendix I-III-L.  Donoghue, D. J., and P. A. Sharp, An Improved Lambda Vector:  Construction of Model 
Recombinants Coding for Kanamycin Resistance, Gene, 1977, 1, pp. 209-227. 
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Appendix I-III-M.  Leder, P., D. Tiemeier and L. Enquist (1977), EK2 Derivatives of Bacteriophage Lambda 
Useful in the Cloning of DNA from Higher Organisms:  The λgt WES System, Science, 1977, 196, pp. 175-177. 

Appendix I-III-N.  Skalka, A., Current Status of Coliphage AEK2 Vectors, Gene, 1978, 3, pp. 29-35. 

Appendix I-III-O.  Szybalski, W., A. Skalka, S. Gottesman, A. Campbell, and D. Botstein, Standardized 
Laboratory Tests for EK2 Certification, Gene, 1978, 3, pp. 36-38. 

*********************************************************************************************************************** 

APPENDIX J. BIOTECHNOLOGY RESEARCH SUBCOMMITTEE 

The National Science and Technology Council's Committee on Fundamental Science determined that a 
subcommittee should be continued to identify and coordinate Federal research efforts, identify research needs, 
stimulating international cooperation, and assess national and international policy issues concerning 
biotechnology sciences.  The primary emphasis will be on scientific issues to increase the overall effectiveness 
and productivity of the Federal investment in biotechnology sciences, especially regarding issues which cut 
across agency boundaries.  This subcommittee is called the Biotechnology Research Subcommittee. 

Membership of the Biotechnology Research Subcommittee will include Federal agencies that support 
biotechnology research.  Agencies represented are:  U.S. Department of Agriculture, Department of Commerce, 
Department of Defense, Department of Energy, Department of Health and Human Services, Department of 
Interior, Department of Justice, Department of State, Department of Veterans Affairs, Agency for International 
Development, Environmental Protection Agency, National Aeronautics and Space Administration, and National 
Science Foundation.  The Biotechnology Research Subcommittee will function in an advisory capacity to the 
Committee on Fundamental Science, the Director of the Office of Science and Technology Policy, and the 
Executive Office of the President.  The Biotechnology Research Subcommittee will review the scientific aspects 
of proposed regulations and guidelines as they are developed. 

The primary responsibilities of the Biotechnology Research Subcommittee are to:  (i) describe and review 
current Federal efforts in biotechnology research; (ii) identify and define the priority areas for future Federal 
biotechnology research, including areas needing greater emphasis, describing the role of each agency in those 
areas, and delineate where interagency cooperation would enhance progress in the biotechnology sciences, 
with an emphasis on integrated research efforts, where appropriate; (iii) assess major international efforts in the 
biotechnology sciences and develop mechanisms for international collaboration.  For example, activities of the 
U.S.-European Community Task Force on Biotechnology have been coordinated through the Biotechnology 
Research Subcommittee; (iv) identify and review national and international policy issues (such as public 
education) associated with biotechnology; and (v) provide reviews, analyses, and recommendations to the 
Chairs of the Committee on Fundamental Science on scientific issues related to regulations and the applications 
of biotechnology research and biotechnology policies and issues. 

In 1990, the Biotechnology Research Subcommittee replaced the Biotechnology Sciences Coordinating 
Committee.  Both the Biotechnology Research Subcommittee and the Biotechnology Sciences Coordinating 
Committee previously functioned under the Federal Coordinating Council on Science, Engineering, and 
Technology (FCCSET).  While regulatory issues became the primary focus of the Biotechnology Sciences 
Coordinating Committee, the Biotechnology Research Subcommittee focuses on scientific issues, although it 
will still provide scientific support for regulatory responsibilities. 

*********************************************************************************************************************** 

APPENDIX K. PHYSICAL CONTAINMENT FOR LARGE SCALE USES OF ORGANISMS CONTAINING 
RECOMBINANT OR SYNTHETIC NUCLEIC ACID MOLECULES 

Appendix K specifies physical containment guidelines for large-scale (greater than 10 liters of culture) research 
or production involving viable organisms containing recombinant or synthetic nucleic acid molecules.  It shall 
apply to large-scale research or production activities as specified in Section III-D-6, Experiments Involving More 
than 10 Liters of Culture.  It is important to note that this appendix addresses only the biological hazard 
associated with organisms containing recombinant or synthetic nucleic acid molecules.  Other hazards 
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accompanying the large-scale cultivation of such organisms (e.g., toxic properties of products; physical, 
mechanical, and chemical aspects of downstream processing) are not addressed and shall be considered 
separately, albeit in conjunction with this appendix. 

All provisions shall apply to large-scale research or production activities with the following modifications:  (i) 
Appendix K shall supersede Appendix G, Physical Containment, when quantities in excess of 10 liters of culture 
are involved in research or production.  Appendix K-II applies to Good Large Scale Practice; (ii) the institution 
shall appoint a Biological Safety Officer if it engages in large-scale research or production activities involving 
viable organisms containing recombinant or synthetic nucleic acid molecules.  The duties of the Biological 
Safety Officer shall include those specified in Section IV-B-3, Biological Safety Officer; (iii) the institution shall 
establish and maintain a health surveillance program for personnel engaged in large-scale research or 
production activities involving viable organisms containing recombinant or synthetic nucleic acid molecules 
which require Biosafety Level (BL) 3 containment at the laboratory scale.  The program shall include:  pre 
assignment and periodic physical and medical examinations; collection, maintenance, and analysis of serum 
specimens for monitoring serologic changes that may result from the employee's work experience; and 
provisions for the investigation of any serious, unusual, or extended illnesses of employees to determine 
possible occupational origin. 

Appendix K-I. Selection of Physical Containment Levels 

The selection of the physical containment level required for recombinant or synthetic nucleic acid molecule 
research or production involving more than 10 liters of culture is based on the containment guidelines 
established in Section III, Experiments Covered by the NIH Guidelines.  For purposes of large-scale research or 
production, four physical containment levels are established.  The four levels set containment conditions at 
those appropriate for the degree of hazard to health or the environment posed by the organism, judged by 
experience with similar organisms unmodified by recombinant or synthetic nucleic acid molecule techniques and 
consistent with Good Large Scale Practice.  The four biosafety levels of large-scale physical containment are 
referred to as Good Large Scale Practice, BL1-Large Scale, BL2-Large Scale, and BL3-Large Scale.  Good 
Large Scale Practice is recommended for large-scale research or production involving viable, non-pathogenic, 
and non-toxigenic recombinant or synthetic strains derived from host organisms that have an extended history 
of safe large-scale use.  Good Large Scale Practice is recommended for organisms such as those included in 
Appendix C, Exemptions under Section III-F-8, which have built-in environmental limitations that permit optimum 
growth in the large-scale setting but limited survival without adverse consequences in the environment.  BL1-
Large Scale is recommended for large-scale research or production of viable organisms containing recombinant 
or synthetic nucleic acid molecules that require BL1 containment at the laboratory scale and that do not qualify 
for Good Large Scale Practice.  BL2-Large Scale is recommended for large-scale research or production of 
viable organisms containing recombinant or synthetic nucleic acid molecules that require BL2 containment at 
the laboratory scale.  BL3-Large Scale is recommended for large-scale research or production of viable 
organisms containing recombinant or synthetic nucleic acid molecules that require BL3 containment at the 
laboratory scale.  No provisions are made for large-scale research or production of viable organisms containing 
recombinant or synthetic nucleic acid molecules that require BL4 containment at the laboratory scale.  If 
necessary, these requirements will be established by NIH on an individual basis. 

Appendix K-II. Good Large Scale Practice (GLSP) 

Appendix K-II-A.  Institutional codes of practice shall be formulated and implemented to assure adequate 
control of health and safety matters. 

Appendix K-II-B.  Written instructions and training of personnel shall be provided to assure that cultures of 
viable organisms containing recombinant or synthetic nucleic acid molecules are handled prudently and that the 
work place is kept clean and orderly. 

Appendix K-II-C.  In the interest of good personal hygiene, facilities (e.g., hand washing sink, shower, changing 
room) and protective clothing (e.g., uniforms, laboratory coats) shall be provided that are appropriate for the risk 
of exposure to viable organisms containing recombinant or synthetic nucleic acid molecules.  Eating, drinking, 
smoking, applying cosmetics, and mouth pipetting shall be prohibited in the work area. 

Appendix K-II-D.  Cultures of viable organisms containing recombinant or synthetic nucleic acid molecules shall 
be handled in facilities intended to safeguard health during work with microorganisms that do not require 
containment. 
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Appendix K-II-E.  Discharges containing viable recombinant or synthetic organisms shall be handled in 
accordance with applicable governmental environmental regulations. 

Appendix K-II-F.  Addition of materials to a system, sample collection, transfer of culture fluids within/between 
systems, and processing of culture fluids shall be conducted in a manner that maintains employee's exposure to 
viable organisms containing recombinant or synthetic nucleic acid molecules at a level that does not adversely 
affect the health and safety of employees. 

Appendix K-II-G.  The facility's emergency response plan shall include provisions for handling spills. 

Appendix K-III. Biosafety Level 1 (BL1) - Large Scale 

Appendix K-III-A.  Spills and accidents which result in overt exposures to organisms containing recombinant or 
synthetic nucleic acid molecules are immediately reported to the Laboratory Director.  Medical evaluation, 
surveillance, and treatment are provided as appropriate and written records are maintained.  

Appendix K-III-B.  Cultures of viable organisms containing recombinant or synthetic nucleic acid molecules 
shall be handled in a closed system (e.g., closed vessel used for the propagation and growth of cultures) or 
other primary containment equipment (e.g., biological safety cabinet containing a centrifuge used to process 
culture fluids) which is designed to reduce the potential for escape of viable organisms.  Volumes less than 10 
liters may be handled outside of a closed system or other primary containment equipment provided all physical 
containment requirements specified in Appendix G-II-A, Physical Containment Levels--Biosafety Level 1, are 
met. 

Appendix K-III-C.  Culture fluids (except as allowed in Appendix K-III-D) shall not be removed from a closed 
system or other primary containment equipment unless the viable organisms containing recombinant or 
synthetic nucleic acid molecules have been inactivated by a validated inactivation procedure.  A validated 
inactivation procedure is one which has been demonstrated to be effective using the organism that will serve as 
the host for propagating the recombinant or synthetic nucleic acid molecules.  Culture fluids that contain viable 
organisms or viral vectors intended as final product may be removed from the primary containment equipment 
by way of closed systems for sample analysis, further processing or final fill. 

Appendix K-III-D.  Sample collection from a closed system, the addition of materials to a closed system, and 
the transfer of culture fluids from one closed system to another shall be conducted in a manner which minimizes 
the release of aerosols or contamination of exposed surfaces. 

Appendix K-III-E.  Exhaust gases removed from a closed system or other primary containment equipment shall 
be treated by filters which have efficiencies equivalent to high efficiency particulate air/HEPA filters or by other 
equivalent procedures (e.g., incineration) to minimize the release of viable organisms containing recombinant or 
synthetic nucleic acid molecules to the environment. 

Appendix K-III-F.  A closed system or other primary containment equipment that has contained viable 
organisms containing recombinant or synthetic nucleic acid molecules shall not be opened for maintenance or 
other purposes unless it has been sterilized by a validated sterilization procedure except when the culture fluids 
contain viable organisms or vectors intended as final product as described in Appendix K-III-C above.  A 
validated sterilization procedure is one which has been demonstrated to be effective using the organism that will 
serve as the host for propagating the recombinant or synthetic nucleic acid molecules. 

Appendix K-III-G.  Emergency plans required by Sections IV-B-2-b-(6), Institutional Biosafety Committee, and 
IV-B-3-c-(3), Biological Safety Officer, shall include methods and procedures for handling large losses of culture 
on an emergency basis. 

Appendix K-IV. Biosafety Level 2 (BL2) - Large Scale 

Appendix K-IV-A.  Spills and accidents which result in overt exposures to organisms containing recombinant or 
synthetic nucleic acid molecules are immediately reported to the Biological Safety Officer, Institutional Biosafety 
Committee, NIH OSP, and other appropriate authorities (if applicable).  Reports to NIH OSP shall be sent to the 
Office of Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; 
additional contact information is also available here and on the OSP website (www.osp.od.nih.gov).  Medical 
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evaluation, surveillance, and treatment are provided as appropriate and written records are maintained.  
 
Appendix K-IV-B.  Cultures of viable organisms containing recombinant or synthetic nucleic acid molecules 
shall be handled in a closed system (e.g., closed vessel used for the propagation and growth of cultures) or 
other primary containment equipment (e.g., Class III biological safety cabinet containing a centrifuge used to 
process culture fluids) which is designed to prevent the escape of viable organisms.  Volumes less than 10 liters 
may be handled outside of a closed system or other primary containment equipment provided all physical 
containment requirements specified in Appendix G-II-B, Physical Containment Levels--Biosafety Level 2, are 
met. 
 
Appendix K-IV-C.  Culture fluids (except as allowed in Appendix K-IV-D) shall not be removed from a closed 
system or other primary containment equipment unless the viable organisms containing recombinant or 
synthetic nucleic acid molecules have been inactivated by a validated inactivation procedure.  A validated 
inactivation procedure is one which has been demonstrated to be effective using the organism that will serve as 
the host for propagating the recombinant or synthetic nucleic acid molecules.  Culture fluids that contain viable 
organisms or viral vectors intended as final product may be removed from the primary containment equipment 
by way of closed systems for sample analysis, further processing or final fill. 
 
Appendix K-IV-D.  Sample collection from a closed system, the addition of materials to a closed system, and 
the transfer of cultures fluids from one closed system to another shall be conducted in a manner which prevents 
the release of aerosols or contamination of exposed surfaces. 
 
Appendix K-IV-E.  Exhaust gases removed from a closed system or other primary containment equipment shall 
be treated by filters which have efficiencies equivalent to high efficiency particulate air/HEPA filters or by other 
equivalent procedures (e.g., incineration) to prevent the release of viable organisms containing recombinant or 
synthetic nucleic acid molecules to the environment. 
 
Appendix K-IV-F.  A closed system or other primary containment equipment that has contained viable 
organisms containing recombinant or synthetic nucleic acid molecules shall not be opened for maintenance or 
other purposes unless it has been sterilized by a validated sterilization procedure except when the culture fluids 
contain viable organisms or vectors intended as final product as described in Appendix K-IV-C above.  A 
validated sterilization procedure is one which has been demonstrated to be effective using the organisms that 
will serve as the host for propagating the recombinant or synthetic nucleic acid molecules. 
 
Appendix K-IV-G.  Rotating seals and other mechanical devices directly associated with a closed system used 
for the propagation and growth of viable organisms containing recombinant or synthetic nucleic acid molecules 
shall be designed to prevent leakage or shall be fully enclosed in ventilated housings that are exhausted through 
filters which have efficiencies equivalent to high efficiency particulate air/HEPA filters or through other equivalent 
treatment devices. 
 
Appendix K-IV-H.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules and other primary containment equipment used to contain 
operations involving viable organisms containing sensing devices that monitor the integrity of containment 
during operations. 
 
Appendix K-IV-I.  A closed system used for the propagation and growth of viable organisms containing the 
recombinant or synthetic nucleic acid molecules shall be tested for integrity of the containment features using 
the organism that will serve as the host for propagating recombinant or synthetic nucleic acid molecules.  
Testing shall be accomplished prior to the introduction of viable organisms containing recombinant or synthetic 
nucleic acid molecules and following modification or replacement of essential containment features.  Procedures 
and methods used in the testing shall be appropriate for the equipment design and for recovery and 
demonstration of the test organism.  Records of tests and results shall be maintained on file. 
 
Appendix K-IV-J.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules shall be permanently identified.  This identification shall be 
used in all records reflecting testing, operation, and maintenance and in all documentation relating to use of this 
equipment for research or production activities involving viable organisms containing recombinant or synthetic 
nucleic acid molecules. 
 
Appendix K-IV-K.  The universal biosafety sign shall be posted on each closed system and primary 
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containment equipment when used to contain viable organisms containing recombinant or synthetic nucleic acid 
molecules. 

Appendix K-IV-L.  Emergency plans required by Sections IV-B-2-b-(6), Institutional Biosafety Committee, and 
IV-B-3-c-(3), Biological Safety Officer, shall include methods and procedures for handling large losses of culture 
on an emergency basis. 

Appendix K-V. Biosafety Level 3 (BL3) - Large Scale 

Appendix K-V-A.  Spills and accidents which result in overt exposures to organisms containing recombinant or 
synthetic nucleic acid molecules are immediately reported to the Biological Safety Officer, Institutional Biosafety 
Committee, NIH OSP, and other appropriate authorities (if applicable).  Reports to NIH OSP shall be sent to the 
Office of Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; 
additional contact information is also available here and on the OSP website (www.osp.od.nih.gov).  Medical 
evaluation, surveillance, and treatment are provided as appropriate and written records are maintained.  

Appendix K-V-B.  Cultures of viable organisms containing recombinant or synthetic nucleic acid molecules 
shall be handled in a closed system (e.g., closed vessels used for the propagation and growth of cultures) or 
other primary containment equipment (e.g., Class III biological safety cabinet containing a centrifuge used to 
process culture fluids) which is designed to prevent the escape of viable organisms.  Volumes less than 10 liters 
may be handled outside of a closed system provided all physical containment requirements specified in 
Appendix G-II-C, Physical Containment Levels--Biosafety Level 3, are met. 

Appendix K-V-C.  Culture fluids (except as allowed in Appendix K-V-D) shall not be removed from a closed 
system or other primary containment equipment unless the viable organisms containing recombinant or 
synthetic nucleic acid molecules have been inactivated by a validated inactivation procedure.  A validated 
inactivation procedure is one which has been demonstrated to be effective using the organisms that will serve 
as the host for propagating the recombinant or synthetic nucleic acid molecules.  Culture fluids that contain 
viable organisms or viral vectors intended as final product may be removed from the primary containment 
equipment by way of closed systems for sample analysis, further processing or final fill. 

Appendix K-V-D.  Sample collection from a closed system, the addition of materials to a closed system, and the 
transfer of culture fluids from one closed system to another shall be conducted in a manner which prevents the 
release of aerosols or contamination of exposed surfaces. 

Appendix K-V-E.  Exhaust gases removed from a closed system or other primary containment equipment shall 
be treated by filters which have efficiencies equivalent to high efficiency particulate air/HEPA filters or by other 
equivalent procedures (e.g., incineration) to prevent the release of viable organisms containing recombinant or 
synthetic nucleic acid molecules to the environment. 

Appendix K-V-F.  A closed system or other primary containment equipment that has contained viable 
organisms containing recombinant or synthetic nucleic acid molecules shall not be opened for maintenance or 
other purposes unless it has been sterilized by a validated sterilization procedure except when the culture fluids 
contain viable organisms or vectors intended as final product as described in Appendix K-V-C above.  A 
validated sterilization procedure is one which has been demonstrated to be effective using the organisms that 
will serve as the host for propagating the recombinant or synthetic nucleic acid molecules. 

Appendix K-V-G.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules shall be operated so that the space above the culture level will 
be maintained at a pressure as low as possible, consistent with equipment design, in order to maintain the 
integrity of containment features. 

Appendix K-V-H.  Rotating seals and other mechanical devices directly associated with a closed system used 
to contain viable organisms containing recombinant or synthetic nucleic acid molecules shall be designed to 
prevent leakage or shall be fully enclosed in ventilated housings that are exhausted through filters which have 
efficiencies equivalent to high efficiency particulate air/HEPA filters or through other equivalent treatment 
devices. 

Appendix K-V-I.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules and other primary containment equipment used to contain 
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operations involving viable organisms containing recombinant or synthetic nucleic acid molecules shall include 
monitoring or sensing devices that monitor the integrity of containment during operations. 
 
Appendix K-V-J.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules shall be tested for integrity of the containment features using 
the organisms that will serve as the host for propagating the recombinant or synthetic nucleic acid molecules.  
Testing shall be accomplished prior to the introduction of viable organisms containing recombinant or synthetic 
nucleic acid molecules and following modification or replacement of essential containment features.  Procedures 
and methods used in the testing shall be appropriate for the equipment design and for recovery and 
demonstration of the test organism.  Records of tests and results shall be maintained on file. 
 
Appendix K-V-K.  A closed system used for the propagation and growth of viable organisms containing 
recombinant or synthetic nucleic acid molecules shall be permanently identified.  This identification shall be 
used in all records reflecting testing, operation, maintenance, and use of this equipment for research production 
activities involving viable organisms containing recombinant or synthetic nucleic acid molecules. 
 
Appendix K-V-L.  The universal biosafety sign shall be posted on each closed system and primary containment 
equipment when used to contain viable organisms containing recombinant or synthetic nucleic acid molecules. 
 
Appendix K-V-M.  Emergency plans required by Sections IV-B-2-b-(6), Institutional Biosafety Committee, and 
IV-B-3-c-(3), Biological Safety Officer, shall include methods and procedures for handling large losses of culture 
on an emergency basis. 
 
Appendix K-V-N.  Closed systems and other primary containment equipment used in handling cultures of viable 
organisms containing recombinant or synthetic nucleic acid molecules shall be located within a controlled area 
which meets the following requirements: 
 
Appendix K-V-N-1.  The controlled area shall have a separate entry area.  The entry area shall be a double-
doored space such as an air lock, anteroom, or change room that separates the controlled area from the 
balance of the facility. 
 
Appendix K-V-N-2.  The surfaces of walls, ceilings, and floors in the controlled area shall be such as to permit 
ready cleaning and decontamination. 
 
Appendix K-V-N-3.  Penetrations into the controlled area shall be sealed to permit liquid or vapor phase space 
decontamination. 
 
Appendix K-V-N-4.  All utilities and service or process piping and wiring entering the controlled area shall be 
protected against contamination. 
 
Appendix K-V-N-5.  Hand washing facilities equipped with foot, elbow, or automatically operated valves shall 
be located at each major work area and near each primary exit. 
 
Appendix K-V-N-6.  A shower facility shall be provided.  This facility shall be located in close proximity to the 
controlled area. 
 
Appendix K-V-N-7.  The controlled area shall be designed to preclude release of culture fluids outside the 
controlled area in the event of an accidental spill or release from the closed systems or other primary 
containment equipment. 
 
Appendix K-V-N-8.  The controlled area shall have a ventilation system that is capable of controlling air 
movement.  The movement of air shall be from areas of lower contamination potential to areas of higher 
contamination potential.  If the ventilation system provides positive pressure supply air, the system shall operate 
in a manner that prevents the reversal of the direction of air movement or shall be equipped with an alarm that 
would be actuated in the event that reversal in the direction of air movement were to occur.  The exhaust air 
from the controlled area shall not be recirculated to other areas of the facility.  The exhaust air from the 
controlled area may not be discharged to the outdoors without being high efficiency particulate air/HEPA filtered, 
subjected to thermal oxidation, or otherwise treated to prevent the release of viable organisms. 
 
Appendix K-V-O.  The following personnel and operational practices shall be required: 
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Appendix K-V-O-1.  Personnel entry into the controlled area shall be through the entry area specified in 
Appendix K-V-N-1. 

Appendix K-V-O-2.  Persons entering the controlled area shall exchange or cover their personal clothing with 
work garments such as jump suits, laboratory coats, pants and shirts, head cover, and shoes or shoe covers.  
On exit from the controlled area the work clothing may be stored in a locker separate from that used for personal 
clothing or discarded for laundering.  Clothing shall be decontaminated before laundering. 

Appendix K-V-O-3.  Entry into the controlled area during periods when work is in progress shall be restricted to 
those persons required to meet program or support needs.  Prior to entry, all persons shall be informed of the 
operating practices, emergency procedures, and the nature of the work conducted. 

Appendix K-V-O-4.  Persons under 18 years of age shall not be permitted to enter the controlled area. 

Appendix K-V-O-5.  The universal biosafety sign shall be posted on entry doors to the controlled area and all 
internal doors when any work involving the organism is in progress.  This includes periods when 
decontamination procedures are in progress.  The sign posted on the entry doors to the controlled area shall 
include a statement of agents in use and personnel authorized to enter the controlled area. 

Appendix K-V-O-6.  The controlled area shall be kept neat and clean. 

Appendix K-V-O-7.  Eating, drinking, smoking, and storage of food are prohibited in the controlled area. 

Appendix K-V-O-8.  Animals and plants shall be excluded from the controlled area. 

Appendix K-V-O-9.  An effective insect and rodent control program shall be maintained. 

Appendix K-V-O-10.  Access doors to the controlled area shall be kept closed, except as necessary for 
access, while work is in progress.  Service doors leading directly outdoors shall be sealed and locked while 
work is in progress. 

Appendix K-V-O-11.  Persons shall wash their hands when exiting the controlled area. 

Appendix K-V-O-12.  Persons working in the controlled area shall be trained in emergency procedures. 

Appendix K-V-O-13.  Equipment and materials required for the management of accidents involving viable 
organisms containing recombinant or synthetic nucleic acid molecules shall be available in the controlled area. 

Appendix K-V-O-14.  The controlled area shall be decontaminated in accordance with established procedures 
following spills or other accidental release of viable organisms containing recombinant or synthetic nucleic acid 
molecules. 
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Appendix K - Table 1. Comparison of Good Large Scale Practice (GLSP) and Biosafety Level (BL) - 
Large Scale (LS) Practice (See Appendix K-VI-A, Footnotes Of Appendix K) 
 

CRITERION  
[See Appendix K-VI-B, Footnotes of Appendix K] 

GLSP BL1-LS BL2-LS BL3-LS 

1. Formulate and implement institutional codes of practice for safety 
of personnel and adequate control of hygiene and safety 
measures. 

K-II-A G-I 

2. Provide adequate written instructions and training of personnel to 
keep work place clean and tidy and to keep exposure to 
biological, chemical or physical agents at a level that does not 
adversely affect health and safety of employees. 

K-II-B G-I 

3. Provide changing and hand washing facilities as well as 
protective clothing, appropriate to the risk, to be worn during work. 

K-II-C G-II-A-1-h G-II-B-2-f G-II-C-2-i 

4. Prohibit eating, drinking, smoking, mouth pipetting, and applying 
cosmetics in the work place. 

K-II-C G-II-A-1-d 
G-II-A-1-e 

G-II-B-1-d 
G-II-B-1-e 

G-II-C-1-c 
G-II-C-1-d 

5. Internal accident reporting. K-II-G K-III-A K-IV-A K-V-A 
6. Medical surveillance. NR NR   
7. Viable organisms should be handled in a system that physically 

separates the process from the external environment (closed 
system or other primary containment). 

NR K-III-B K-IV-B K-V-B 

8. Culture fluids not removed from a system until organisms are 
inactivated. 

NR K-III-C K-IV-C K-V-C 

9. Inactivation of waste solutions and materials with respect to their 
biohazard potential. 

K-II-E K-III-C K-IV-C K-V-C 

10. Control of aerosols by engineering or procedural controls to 
prevent or minimize release of organisms during sampling from a 
system, addition of materials to a system, transfer of cultivated 
cells, and removal of material, products, and effluent from a 
system. 

Minimize 
Procedure 

K-II-F 

Minimize 
Engineer 

K-III-B 
K-III-D 

Prevent 
Engineer 
K-IV-B 
K-IV-D 

Prevent 
Engineer 

K-V-B 
K-V-D 

11. Treatment of exhaust gases from a closed system to minimize or 
prevent release of viable organisms. 

NR Minimize 
K-III-E 

Prevent 
 K-IV-E 

Prevent 
K-V-E 

12. Closed system that has contained viable organisms not to be 
opened until sterilized by a validated procedure. 

NR K-III-F K-IV-F K-V-F 

13. Closed system to be maintained at as a low pressure as possible 
to maintain integrity of containment features. 

NR NR NR K-V-G 

14. Rotating seals and other penetrations into closed system 
designed to prevent or minimize leakage. 

NR NR Prevent 
K-IV-G 

Prevent 
K-V-H 

15. Closed system shall incorporate monitoring or sensing devices to 
monitor the integrity of containment. 

NR NR K-IV-H K-V-I 

16. Validated integrity testing of closed containment system. NR NR K-IV-I K-V-J 
17. Closed system to be permanently identified for record keeping 

purposes. 
NR NR K-IV-J K-V-K 

18. Universal biosafety sign to be posted on each closed system. NR NR K-IV-K K-V-L 
19. Emergency plans required for handling large losses of cultures. K-II-G K-III-G K-IV-L K-V-M 
20. Access to the work place. NR G-II-A-1-a G-II-B-1-a K-V-N 
21. Requirements for controlled access area. NR NR NR K-V-N&O 

 NR = not required 
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Appendix K-VI. Footnotes of Appendix K 
 
Appendix K-VI-A.  This table is derived from the text in Appendices G (Physical Containment) and K and is not 
to be used in lieu of Appendices G and K. 
 
Appendix K-VI-B.  The criteria in this grid address only the biological hazards associated with organisms 
containing recombinant or synthetic nucleic acid.  Other hazards accompanying the large-scale cultivation of 
such organisms (e.g., toxic properties of products; physical, mechanical, and chemical aspects of downstream 
processing) are not addressed and shall be considered separately, albeit in conjunction with this grid. 
 
Appendix K-VII. Definitions to Accompany Containment Grid and Appendix K 
 
Appendix K-VII-A.  Accidental Release.  An accidental release is the unintentional discharge of a 
microbiological agent (i.e., microorganism or virus) or eukaryotic cell due to a failure in the containment system. 
 
Appendix K-VII-B.  Biological Barrier.  A biological barrier is an impediment (naturally occurring or introduced) 
to the infectivity and/or survival of a microbiological agent or eukaryotic cell once it has been released into the 
environment. 
 
Appendix K-VII-C.  Closed System.  A closed system is one in which by its design and proper operation, 
prevents release of a microbiological agent or eukaryotic cell contained therein. 
 
Appendix K-VII-D.  Containment.  Containment is the confinement of a microbiological agent or eukaryotic cell 
that is being cultured, stored, manipulated, transported, or destroyed in order to prevent or limit its contact with 
people and/or the environment.  Methods used to achieve this include:  physical and biological barriers and 
inactivation using physical or chemical means. 
 
Appendix K-VII-E.  De minimis Release.  De minimis release is the release of:  (i) viable microbiological 
agents or eukaryotic cells that does not result in the establishment of disease in healthy people, plants, or 
animals; or (ii) in uncontrolled proliferation of any microbiological agents or eukaryotic cells. 
 
Appendix K-VII-F.  Disinfection.  Disinfection is a process by which viable microbiological agents or eukaryotic 
cells are reduced to a level unlikely to produce disease in healthy people, plants, or animals. 
 
Appendix K-VII-G.  Good Large Scale Practice Organism.  For an organism to qualify for Good Large Scale 
Practice consideration, it must meet the following criteria [Reference:  Organization for Economic Cooperation 
and Development, Recombinant DNA Safety Considerations, 1987, p. 34-35]:  (i) the host organism should be 
non-pathogenic, should not contain adventitious agents and should have an extended history of safe large-scale 
use or have built-in environmental limitations that permit optimum growth in the large-scale setting but limited 
survival without adverse consequences in the environment; (ii) the recombinant or synthetic nucleic acid 
molecule-engineered organism should be non-pathogenic, should be as safe in the large-scale setting as the 
host organism, and without adverse consequences in the environment; and (iii) the vector/insert should be well 
characterized and free from known harmful sequences; should be limited in size as much as possible to the 
DNA required to perform the intended function; should not increase the stability of the construct in the 
environment unless that is a requirement of the intended function; should be poorly mobilizable; and should not 
transfer any resistance markers to microorganisms unknown to acquire them naturally if such acquisition could 
compromise the use of a drug to control disease agents in human or veterinary medicine or agriculture. 
 
Appendix K-VII-H.  Inactivation.  Inactivation is any process that destroys the ability of a specific 
microbiological agent or eukaryotic cell to self-replicate. 
 
Appendix K-VII-I.  Incidental Release.  An incidental release is the discharge of a microbiological agent or 
eukaryotic cell from a containment system that is expected when the system is appropriately designed and 
properly operated and maintained. 
 
Appendix K-VII-J.  Minimization.  Minimization is the design and operation of containment systems in order 
that any incidental release is a de minimis release. 
  
Appendix K-VII-K.  Pathogen.  A pathogen is any microbiological agent or eukaryotic cell containing sufficient 
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genetic information, which upon expression of such information, is capable of producing disease in healthy 
people, plants, or animals. 

Appendix K-VII-L.  Physical Barrier.  A physical barrier is considered any equipment, facilities, or devices 
(e.g., fermentors, factories, filters, thermal oxidizers) which are designed to achieve containment. 

Appendix K-VII-M.  Release.  Release is the discharge of a microbiological agent or eukaryotic cell from a 
containment system.  Discharges can be incidental or accidental.  Incidental releases are de minimis in nature; 
accidental releases may be de minimis in nature. 

*********************************************************************************************************************** 

APPENDIX L. GENE THERAPY POLICY CONFERENCES (GTPCS) 

In order to enhance the depth and value of public discussion relevant to scientific, safety, social, and ethical 
implications of gene therapy research, the NIH Director will convene GTPCs at regular intervals.  As 
appropriate, the NIH Director may convene a GTPC in conjunction with a RAC meeting.  GTPCs will be 
administered by NIH OSP.  Conference participation will not involve a standing committee membership but 
rather will offer the unique advantage of assembling numerous participants who possess significant scientific, 
ethical, and legal expertise and/or interest that is directly applicable to a specific gene therapy research issue.  
At least one member of RAC will serve as Co-chair of each GTPC and report the findings of each GTPC to RAC 
at its next scheduled meeting.  The RAC representative for each GTPC will be chosen based on the 
participant’s area of expertise relative to the specific gene therapy research issue to be discussed.  All RAC 
members will be invited to attend GTPCs.  GTPCs will have representation from other Federal agencies, 
including FDA and OHRP.  GTPCs will focus on broad overarching policy and scientific issues related to gene 
therapy research.  Proposals for GTPC topics may be submitted by members of RAC, representatives of 
academia, industry, patient and consumer advocacy organizations, other Federal agencies, professional 
scientific societies, and the general public.  GTPC topics will not be limited to discussion of human applications 
of gene therapy research, i.e., they may include basic research on the use of novel gene delivery vehicles, or 
novel applications of human gene transfer.  The RAC, with the Director’s approval, will have the primary 
responsibility for planning GTPC agendas.  GTPC findings will be transmitted to the NIH Director and will be 
made publicly available.  The NIH Director anticipates that this public policy forum will serve as a model for 
interagency communication and collaboration, concentrated expert discussion of novel scientific issues and their 
potential societal implications, and enhanced opportunity for public discussion of specific issues and potential 
impact of such applications on human health and the environment. 

*********************************************************************************************************************** 

APPENDIX M. POINTS TO CONSIDER IN THE DESIGN AND SUBMISSION OF PROTOCOLS FOR THE 
TRANSFER OF RECOMBINANT OR SYNTHETIC NUCLEIC ACID MOLECULES INTO ONE OR MORE 
HUMAN RESEARCH PARTICIPANTS (POINTS TO CONSIDER) 

Appendix M applies to research conducted at or sponsored by an institution that receives any support for 
recombinant or synthetic nucleic acid molecule research from NIH.  Researchers not covered by the NIH 
Guidelines are encouraged to use Appendix M (see Section I-C, General Applicability). 

The acceptability of human somatic cell gene transfer has been addressed in several public documents as well 
as in numerous academic studies.  In November 1982, the President's Commission for the Study of Ethical 
Problems in Medicine and Biomedical and Behavioral Research published a report, Splicing Life, which resulted 
from a two-year process of public deliberation and hearings.  Upon release of that report, a U.S. House of 
Representatives subcommittee held three days of public hearings with witnesses from a wide range of fields 
from the biomedical and social sciences to theology, philosophy, and law.  In December 1984, the Office of 
Technology Assessment released a background paper, Human Gene Therapy, which concluded that civic, 
religious, scientific, and medical groups have all accepted, in principle, the appropriateness of gene transfer of 
somatic cells in humans for specific genetic diseases.  Somatic cell gene transfer is seen as an extension of 
present methods that might be preferable to other technologies.  In light of this public support, the NIH is 
prepared to consider proposals for somatic cell gene transfer. 
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The NIH will not at present entertain proposals for germ line alterations but will consider proposals involving 
somatic cell gene transfer.  The purpose of somatic cell gene transfer is to treat an individual patient, e.g., by 
inserting a properly functioning gene into the subject's somatic cells.  Germ line alteration involves a specific 
attempt to introduce genetic changes into the germ (reproductive) cells of an individual, with the aim of changing 
the set of genes passed on to the individual's offspring. 

The NIH continues to explore the issues raised by the potential of in utero gene transfer clinical research.  
However, the NIH concludes that, at present, it is premature to undertake any in utero gene transfer clinical trial. 
Significant additional preclinical and clinical studies addressing vector transduction efficacy, biodistribution, and 
toxicity are required before a human in utero gene transfer protocol can proceed.  In addition, a more thorough 
understanding of the development of human organ systems, such as the immune and nervous systems, is 
needed to better define the potential efficacy and risks of human in utero gene transfer.  Prerequisites for 
considering any specific human in utero gene transfer procedure include an understanding of the 
pathophysiology of the candidate disease and a demonstrable advantage to the in utero approach.  Once the 
above criteria are met, the NIH would be willing to consider well rationalized human in utero gene transfer 
clinical trials. 

Research proposals involving the deliberate transfer of recombinant or synthetic nucleic acid molecules, or DNA 
or RNA derived from such nucleic acid molecules, into one or more human subjects (human gene transfer) will 
be considered through a registration process involving the NIH, oversight bodies involved in the review at an 
initial site(s), and regulatory authorities, when appropriate.  Investigators shall submit the relevant information on 
the proposed human gene transfer experiment to the oversight bodies involved in the review at an initial site(s) 
and then to the NIH.  The format of the submission is described in Appendix M-I-A, Requirements for Protocol 
Submission.  Submission to the NIH OSP shall be for registration purposes and will ensure continued public 
access to relevant human gene transfer information conducted in compliance with the NIH Guidelines. 

Public RAC review and discussion of a human gene transfer experiment will be initiated in two exceptional 
circumstances:  (1) Following a request for public RAC review from one or more oversight bodies involved in the 
review at an initial site(s), the NIH concurs that (a) the individual protocol would significantly benefit from RAC 
review and (b) that the submission meets one or more of the following NIH RAC review criteria: i) the protocol 
uses a new vector, genetic material, or delivery methodology that represents a first-in-human experience, thus 
presenting an unknown risk; ii) the protocol relies on preclinical safety data that were obtained using a new 
preclinical model system of unknown and unconfirmed value; or iii) the proposed vector, gene construct, or 
method of delivery is associated with possible toxicities that are not widely known and that may render it difficult 
for oversight bodies involved in the review at an initial site(s) to evaluate the protocol rigorously.  However, if 
one or more oversight bodies involved in the review at an initial site(s) requests public RAC review, but the NIH 
does not concur that (a) the individual protocol would significantly benefit from RAC review and (b) that the 
submission meets one or more of the RAC review criteria (listed in i, ii, or iii), then the NIH OSP will inform, 
within 10 working days, the requesting and other oversight bodies involved in the review at an initial site(s) that 
public RAC review is not warranted.  (2) The NIH Director, in consultation (if needed) with appropriate regulatory 
authorities, determines that the submission:  (a) meets one or more of the NIH RAC review criteria (listed in i, ii, 
or iii) and that public RAC review and discussion would provide a clear and obvious benefit to the scientific 
community or the public; or (b) raises significant scientific, societal, or ethical concerns. 

If it is determined that a human gene transfer trial will undergo public RAC review, the NIH will immediately 
notify the Principal Investigator.  Recommendations following public review on a specific human gene transfer 
experiment shall be forwarded to the Principal Investigator, oversight bodies involved in the review at an initial 
site(s), and regulatory authorities, as appropriate.  Relevant documentation will be included in the material for 
the RAC meeting at which the human gene transfer trial is scheduled to be discussed.  RAC meetings will be 
open to the public except where trade secrets and proprietary information are reviewed (see Section IV-D-5, 
Protection of Proprietary Data – Voluntary Compliance).  Information provided in response to Appendix M 
should not contain any proprietary data or trade secrets, enabling all aspects of the review to be open to the 
public. 

Appendix M-I. Requirements for Protocol Submission, Review, and Reporting – Human Gene Transfer 
Experiments 

Appendix M-I-A. Requirements for Protocol Submission 

The following documentation must be submitted according to institutional policy, to the appropriate oversight 
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bodies involved in the review at an initial site(s) and subsequently in electronic form to the NIH OSP: 
1. A scientific abstract.
2. The proposed clinical protocol, including tables, figures, and any relevant publications.
3. Summary of preclinical studies conducted in support of the proposed clinical trial or reference to the

specific section of the protocol providing this information.
4. A description of the product:

a. Describe the derivation of the delivery vector system including the source (e.g., viral, bacterial,
or plasmid vector); and modifications (e.g., deletions to attenuate or self-inactivate,
encapsulation in any synthetic complex, changes to tropisms, etc.).  Please reference any
previous clinical experience with this vector or similar vectors.

b. Describe the genetic content of the transgene or nucleic acid delivered including the species
source of the sequence and whether any modifications have been made (e.g. mutations,
deletions, and truncations). What are the regulatory elements contained in the construct?

c. Describe any other material to be used in preparation of the agent (vector and transgene) that
will be administered to the human research subject (e.g., helper virus, packaging cell line,
carrier particles).

d. Describe the methods for replication-competent virus testing, if applicable.
e. Describe the intended ex vivo or in vivo target cells and transduction efficiency.
f. Describe the gene transfer agent delivery method.

5. The proposed informed consent document(s).
6. Specifically for submission to the NIH OSP, the Principal Investigator shall provide additional

documentation originating from oversight bodies involved in the review at an initial site(s) regarding their
assessment of whether public RAC review is warranted. In the event that review is requested, a
justification that one or more of the NIH RAC review criteria (see Section III-C-1) are met shall be
included.

Note: Any application submitted shall not contain any document that is designated as ‘confidential’ in its 
entirety.  In the event that a determination has been made that a specific portion of a document should be 
considered proprietary or trade secret, each specific portion shall be clearly identified as such.  In the event that 
a specific portion of the submission is identified to be proprietary or trade secret, the submission to the NIH OSP 
must contain a letter that:  (1) clearly indicates what select portions of the application contain information 
considered as proprietary or trade secret, and (2) provides justification as to why this information is considered 
to be proprietary or trade secret.  The justification must be able to demonstrate with specificity how release of 
that information will reveal a trade secret or will result in substantial competitive harm. 

Appendix M-I-B. Selection of Individual Protocols for Public RAC Review and Discussion 

As part of the NIH protocol registration process, documentation originating from all oversight bodies involved in 
the review at an initial site(s) regarding their assessment of whether public RAC review is warranted must 
accompany the Principal Investigator’s submission to the NIH.  If no oversight body involved in the review at an 
initial site(s) requests public RAC review, then the required documentation to register the protocol (see 
Appendix M-I-A) shall be submitted to the NIH OSP at any time, but not less than 10 working days prior to the 
anticipated date of enrollment of the first subject (see definition of enrollment in Section I-E-7).  This information 
shall be provided in electronic form to the Office of Science Policy, National Institutes of Health, preferably by e-
mail to: HGTprotocols@mail.nih.gov; additional contact information is also available here and on the OSP 
website (www.osp.od.nih.gov).  An acknowledgement that the protocol registration process is complete will 
occur within the 10 working days period prior to the anticipated date of enrollment.  Final IBC approval may 
then be granted. 

If one or more oversight bodies involved in the review at an initial site(s) requests public RAC review, but the 
NIH does not concur that (a) the individual protocol would significantly benefit from RAC review and (b) that the 
submission meets one or more of the RAC review criteria, the NIH OSP will notify the Principal Investigator, 
oversight bodies involved in the review at an initial site(s), and regulatory authorities, as appropriate, that public 
RAC review is not warranted.  An acknowledgement that the protocol registration process is complete will 
accompany this decision.  Final IBC approval may then be granted. 

If an oversight body involved in the review at an initial site(s) determines that: (1) a protocol submission would 
significantly benefit from public RAC review and discussion and (2) that one or more of the following NIH RAC 
review criteria are met: (i) the protocol uses a new vector, genetic material, or delivery methodology that 
represents a first-in-human experience, thus presenting an unknown risk; or (ii) the protocol relies on preclinical 
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safety data that were obtained using a new preclinical model system of unknown and unconfirmed value; or (iii) 
the proposed vector, gene construct, or method of delivery is associated with possible toxicities that are not 
widely known and that may render it difficult for oversight and federal regulatory bodies to evaluate the protocol 
rigorously, and is therefore requesting RAC review and public discussion.  The Principal Investigator shall then 
submit the documentation as outlined in Appendix M-I-A at least 8 weeks prior to the next scheduled meeting in 
order to be reviewed at that RAC meeting.  The submission shall include documentation originating from 
oversight bodies involved in the review at an initial site(s) regarding their assessment of whether public RAC 
review is warranted and that one or both have justified their request according the NIH RAC review criteria listed 
above.  The submission shall be provided to the NIH in electronic form to the Office of Science Policy, National 
Institutes of Health, preferably by e-mail to: HGTprotocols@mail.nih.gov; additional contact information is also 
available here and on the OSP website (www.osp.od.nih.gov).  If the NIH concurs that (a) the individual protocol 
would significantly benefit from RAC review and (b) that the submission meets one or more of the NIH RAC 
review criteria, the protocol will undergo public RAC review and discussion. 

Even if an oversight body involved in the review at an initial site(s) does not request public RAC review, the NIH 
Director, after consultation (if needed) with appropriate regulatory authorities, may initiate public RAC review if 
(a) the protocol has one or more of the characteristics listed above (i, ii, or iii) and public RAC review and 
discussion would provide a clear and obvious benefit to the scientific community or public; or (b) the protocol 
otherwise raises significant scientific, societal, or ethical concerns.  If a protocol is to undergo RAC public 
discussion a complete human gene transfer protocol package must be submitted at least 8 weeks before a 
scheduled RAC meeting to be reviewed at that upcoming meeting. 

After a human gene transfer experiment is publicly reviewed by the full RAC at a regularly scheduled meeting, 
the NIH OSP will send a letter summarizing the RAC’s comments and recommendations (if any) regarding the 
protocol to the Principal Investigator(s), oversight bodies involved in the review at an initial site(s), and 
regulatory authorities as appropriate.  Unless the NIH determines that there are exceptional circumstances, the 
NIH will send this letter to the Principal Investigator within 10 working days after the completion of the RAC 
meeting at which the experiment was reviewed.  Receipt of this letter concludes the protocol registration 
process.  Final IBC approval may then be granted. 

RAC meetings will be open to the public except where trade secrets or confidential commercial information are 
reviewed.  To enable all aspects of the protocol review process to be open to the public, information provided in 
response to Appendix M-I-A should not contain trade secrets or confidential commercial or financial information. 
Documentation submitted to the NIH OSP shall not be designated as ‘confidential’ in its entirety.  In the event 
that a determination has been made that a specific portion of a document submitted should be considered as 
proprietary or trade secret, each specific portion should be clearly identified as such.  The cover letter (attached 
to the submitted material) shall:  (1) clearly indicate what select portions contain information considered as 
proprietary or a trade secret; and (2) provide justification as to why this information is considered to be 
proprietary or trade secret.  This justification must be able to demonstrate with specificity how release of that 
information will reveal a trade secret or will result in substantial competitive harm. 

Appendix M-I-C. Reporting Requirements 

Appendix M-I-C-1. Initiation of the Clinical Investigation 

No later than 30 days after enrollment (see definition of enrollment in Section I-E-7) of the first research 
participant in a human gene transfer experiment, the Principal Investigator(s) shall submit the following 
documentation to NIH OSP:  (1) a copy of the informed consent document(s) approved by the Institutional 
Review Board (IRB); (2) a copy of the protocol approved by the Institutional Biosafety Committee (IBC) and IRB; 
(3) a copy of the final IBC approval from the clinical trial site; (4) a copy of the final IRB approval; (5) a brief 
written report that includes the following information:  (a) how the investigator(s) responded to each of the RAC’s 
recommendations on the protocol (if applicable); and (b) any modifications to the protocol as required by FDA; 
(6) applicable NIH grant number(s); (7) the FDA Investigational New Drug Application (IND) number; and (8) the 
date of the initiation of the trial.  The purpose of requesting the FDA IND number is for facilitating interagency 
collaboration in the Federal oversight of human gene transfer research. 

Appendix M-I-C-2. Additional Clinical Trial Sites 

For a clinical trial site that is added after the completion of the NIH protocol registration process, no research 
participant shall be enrolled (see definition of enrollment in Section I-E-7) at the clinical trial site until IBC 
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approval and IRB approval from that site have been obtained.  Within 30 days of enrollment (see definition of 
enrollment in Section I-E-7) at a clinical trial site, the following documentation shall be submitted to NIH 
OSP:  (1) Institutional Biosafety Committee approval (from the clinical trial site); (2) Institutional Review Board 
approval; (3) Institutional Review Board-approved informed consent document(s); and (4) NIH grant number(s) if 
applicable. 

Appendix M-I-C-3. Annual Reports 

Within 60 days after the one-year anniversary of the date on which the investigational new drug (IND) 
application went into effect, and after each subsequent anniversary until the trial is completed, the Principal 
Investigator (or delegate) shall submit the information set forth in (a), (b), and (c).  When multiple studies are 
conducted under the single IND, the Principal Investigator (or delegate) may choose to submit a single annual 
report covering all studies, provided that each study is identified by its NIH protocol number. 

(a) Clinical Trial Information.  A brief summary of the status of each trial in progress and each trial completed 
during the previous year.  The summary is required to include the following information for each trial: (1) the title 
and purpose of the trial; (2) clinical site; (3) the Principal Investigator; (4) clinical protocol identifiers, including 
the NIH protocol number, NIH grant number(s) (if applicable), and the FDA IND application number; (5) 
participant population (such as disease indication and general age group, e.g., adult or pediatric); (6) the total 
number of participants planned for inclusion in the trial; the number entered into the trial to date; the number  

whose participation in the trial was completed; and the number who dropped out of the trial with a brief 
description of the reasons; (7) the status of the trial, e.g., open to accrual of subjects, closed but data collection 
ongoing, or fully completed, and (8) if the trial has been completed, a brief description of any study results. 

(b) Progress Report and Data Analysis.  Information obtained during the previous year's clinical and non-clinical 
investigations, including:  (1) a narrative or tabular summary showing the most frequent and most serious 
adverse experiences by body system; (2) a summary of all serious adverse events submitted during the past 
year; (3) a summary of serious adverse events that were expected or considered to have causes not associated 
with the use of the gene transfer product such as disease progression or concurrent medications; (4) if any 
deaths have occurred, the number of participants who died during participation in the investigation and causes 
of death; and (5) a brief description of any information obtained that is pertinent to an understanding of the gene 
transfer product’s actions, including, for example, information about dose-response, information from controlled 
trials, and information about bioavailability.  

(c) A copy of the updated clinical protocol including a technical abstract. 

Appendix M-I-C-4. Safety Reporting 

Principal Investigators must submit, in accordance with this section, Appendix M-I-C-4-a and Appendix M-I-C-4-
b, a written report on: (1) any serious adverse event that is both unexpected and associated with the use of the 
gene transfer product (i.e., there is reasonable possibility that the event may have been caused by the use of 
the product; investigators should not await definitive proof of association before reporting such events); and (2) 
any finding from tests in laboratory animals that suggests a significant risk for human research participants 
including reports of mutagenicity, teratogenicity, or carcinogenicity.  The report must be clearly labeled as a 
“Safety Report” and must be submitted to the NIH Office of Science Policy (NIH OSP) and to the local 
Institutional Biosafety Committee within the timeframes set forth in Appendix M-I-C-4-b.  

Principal Investigators should adhere to any other serious adverse event reporting requirements in accordance 
with federal regulations, state laws, and local institutional policies and procedures, as applicable. 

Principal Investigators may delegate to another party, such as a corporate sponsor, the reporting functions set 
forth in Appendix M, with written notification to the NIH OSP of the delegation and of the name(s), address, 
telephone and fax numbers of the contact(s).  The Principal Investigator is responsible for ensuring that the 
reporting requirements are fulfilled and will be held accountable for any reporting lapses. 

The three alternative mechanisms for reporting serious adverse events to the NIH OSP are: by e-mail to:  
HGTprotocols@mail.nih.gov; by fax to 301-496-9839; or by mail to the Office of Science Policy, National 
Institutes of Health, MSC 7985, 6705 Rockledge Drive, Suite 750, Bethesda, Maryland  20892-7985 (20817 for 
non-USPS mail). 
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Appendix M-I-C-4-a. Safety Reporting: Content and Format 

The serious adverse event report must include, but need not be limited to:  (1) the date of the event; (2) 
designation of the report as an initial report or a follow-up report, identification of all safety reports previously 
filed for the clinical protocol concerning a similar adverse event, and an analysis of the significance of the 
adverse event in light of previous similar reports; (3) clinical site; (4) the Principal Investigator; (5) NIH Protocol 
number; (6) FDA’s Investigational New Drug (IND) Application number; (7) vector type , e.g., adenovirus; (8) 
vector subtype, e.g., type 5, relevant deletions; (9) gene delivery method, e.g., in vivo, ex vivo transduction; (10) 
route of administration, e.g., intratumoral, intravenous; (11) dosing schedule; (12) a complete description of the 
event; (13) relevant clinical observations; (14) relevant clinical history; (15) relevant tests that were or are 
planned to be conducted; (16) date of any treatment of the event; and (17) the suspected cause of the event.  
These items may be reported by using the recommended Adverse Event Reporting Template available on NIH 
OSP’s web site at: http://osp.od.nih.gov/office-biotechnology-activities/biomedical-technology-
assessment/hgt/gemcris, the FDA MedWatch forms, or other means provided that all of the above elements are 
specifically included. 

Reports from laboratory animal studies as delineated in Appendix M-I-C-4 must be submitted in a narrative 
format. 

Appendix M-I-C-4-b. Safety Reporting: Time frames for Expedited Reports 

Any serious adverse event that is fatal or life-threatening, that is unexpected, and associated with the use of the 
gene transfer product must be reported to the NIH OSP as soon as possible, but not later than 7 calendar days 
after the sponsor’s initial receipt of the information (i.e., at the same time the event must be reported to the 
FDA). 

Serious adverse events that are unexpected and associated with the use of the gene transfer product, but are 
not fatal or life-threatening, must be reported to the NIH OSP as soon as possible, but not later than 15 calendar 
days after the sponsor’s initial receipt of the information (i.e., at the same time the event must be reported to the 
FDA).  

Changes in this schedule are permitted only where, under the FDA IND regulations [21 CFR 312(c)(3)], changes 
in this reporting schedule have been approved by the FDA and are reflected in the protocol. 

If, after further evaluation, an adverse event initially considered not to be associated with the use of the gene 
transfer product is subsequently determined to be associated, then the event must be reported to the NIH OSP 
within 15 days of the determination. 

Relevant additional clinical and laboratory data may become available following the initial serious adverse event 
report.  Any follow-up information relevant to a serious adverse event must be reported within 15 calendar days 
of the sponsor’s receipt of the information.  If a serious adverse event occurs after the end of a clinical trial and 
is determined to be associated with the use of the gene transfer product, that event shall be reported to the NIH 
OSP within 15 calendar days of the determination.  

Any finding from tests in laboratory animals that suggests a significant risk for human research participants 
including reports of mutagenicity, teratogenicity, or carcinogenicity must be reported as soon as possible, but 
not later than 15 calendar days after the sponsor’s initial receipt of the information (i.e., at the same time the 
event must be reported to the FDA). 

Appendix M-I-C-5. Confidentiality 

Data submitted in accordance with Appendix M-I-C that are claimed to be confidential commercial or trade 
secret information must be clearly labeled as such.  Prior to making its determination about the confidentiality of 
data labeled confidential commercial or trade secret, the NIH will contact the Principal Investigator or delegate to 
ascertain the basis for the claim and subsequently will notify the Principal Investigator or delegate of its final 
determination regarding the claim. 

If NIH determines that the data so labeled are confidential commercial or trade secret and that their public 
disclosure would promote an understanding of key scientific or safety issues, the NIH will seek agreement from 
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the appropriate party to release such data.  Public discussion of scientific and safety issues raised by data 
submitted in accordance with Appendix M-I-C is vital to informing both investigators and human subjects about 
the safety of gene transfer research. 

To protect the privacy of participants in gene transfer research, any serious adverse event or annual reports 
submitted to NIH OSP must not contain any information that would identify the human research participants. 

Appendix M-I-D. Safety Assessment in Human Gene Transfer Research 

A working group of the RAC, the NIH Gene Transfer Safety Assessment Board, with staff support from the NIH 
OSP, will: 1) review in closed session as appropriate safety information from gene transfer trials for the purpose 
of assessing toxicity and safety data across gene transfer trials; 2) identify significant trends or significant single 
events; and 3) report significant findings and aggregated trend data to the RAC.  It is expected that this process 
will enhance review of new protocols, improve the development, design, and conduct of human gene transfer 
trials, promote public understanding and awareness of the safety of human gene transfer research studies, and 
inform the decision-making of potential trial participants. 

Appendix M-II. Long-Term Follow-Up 

To permit evaluation of long-term safety and efficacy of gene transfer, prospective subjects should be informed 
that they are expected to cooperate in long-term follow-up that extends beyond the active phase of the study.  A 
list of persons who can be contacted in the event that questions arise during the follow-up period should be 
provided to the investigator.  In addition, the investigator should request that subjects continue to provide a 
current address and telephone number. 

The subjects should be informed that any significant findings resulting from the study will be made known in 
a timely manner to them and/or their parent or guardian including new information about the experimental 
procedure, the harms and benefits experienced by other individuals involved in the study, and any long-term 
effects that have been observed. 

Additional guidance is available in the FDA Guidance for Industry: Gene Therapy Clinical Trials - Observing 
Subjects for Delayed Adverse Events (available at the following URL: 
http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Cellularand
GeneTherapy/default.htm). 

Appendix M-III. Footnotes of Appendix M 

Appendix M-III-A.  Human studies in which induction or enhancement of an immune response to a vector-
encoded microbial immunogen is the major goal, such an immune response has been demonstrated in model 
systems, and the persistence of the vector-encoded immunogen is not expected, are exempt from Appendix M-
I, Requirements for Protocol Submission, Review and Reporting – Human Gene Transfer Experiments. 

*********************************************************************************************************************** 

APPENDIX P. PHYSICAL AND BIOLOGICAL CONTAINMENT FOR RECOMBINANT OR SYNTHETIC 
NUCLEIC ACID MOLECULE RESEARCH INVOLVING PLANTS 

Appendix P specifies physical and biological containment conditions and practices suitable to the greenhouse 
conduct of experiments involving recombinant or synthetic nucleic acid molecule-containing plants, plant-
associated microorganisms, and small animals.  All provisions of the NIH Guidelines apply to plant research 
activities with the following modifications: 

Appendix P shall supersede Appendix G (Physical Containment) when the research plants are of a size, 
number, or have growth requirements that preclude the use of containment conditions described in Appendix G. 
The plants covered in Appendix P include but are not limited to mosses, liverworts, macroscopic algae, and 
vascular plants including terrestrial crops, forest, and ornamental species. 

Plant-associated microorganisms include viroids, virusoids, viruses, bacteria, fungi, protozoans, certain small 
algae, and microorganisms that have a benign or beneficial association with plants, such as certain Rhizobium 
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species and microorganisms known to cause plant diseases.  The appendix applies to microorganisms which 
are being modified with the objective of fostering an association with plants. 
 
Plant-associated small animals include those arthropods that:  (i) are in obligate association with plants, (ii) are 
plant pests, (iii) are plant pollinators, or (iv) transmit plant disease agents, as well as other small animals such 
as nematodes for which tests of biological properties necessitate the use of plants.  Microorganisms associated 
with such small animals (e.g., pathogens or symbionts) are included. 
 
The Institutional Biosafety Committee shall include at least one individual with expertise in plant, plant pathogen, 
or plant pest containment principles when experiments utilizing Appendix P require prior approval by the 
Institutional Biosafety Committee. 
 
Appendix P-I.  General Plant Biosafety Levels 
 
Appendix P-I-A.  The principal purpose of plant containment is to avoid the unintentional transmission of a 
recombinant or synthetic nucleic acid molecule-containing plant genome, including nuclear or organelle 
hereditary material or release of recombinant or synthetic nucleic acid molecule-derived organisms associated 
with plants. 
 
Appendix P-I-B.  The containment principles are based on the recognition that the organisms that are used 
pose no health threat to humans or higher animals (unless deliberately modified for that purpose), and that the 
containment conditions minimize the possibility of an unanticipated deleterious effect on organisms and 
ecosystems outside of the experimental facility, e.g., the inadvertent spread of a serious pathogen from a 
greenhouse to a local agricultural crop or the unintentional introduction and establishment of an organism in a 
new ecosystem. 
 
Appendix P-I-C.  Four biosafety levels, referred to as Biosafety Level (BL) 1 - Plants (P), BL2-P, BL3-P, and 
BL4-P, are established in Appendix P-II, Physical Containment Levels.  The selection of containment levels 
required for research involving recombinant or synthetic nucleic acid molecules in plants or associated with 
plants is specified in Appendix P-III, Biological Containment Practices.  These biosafety levels are described in 
Appendix P-II, Physical Containment Levels.  This appendix describes greenhouse practices and special 
greenhouse facilities for physical containment. 
 
Appendix P-I-D.  BL1-P through BL4-P are designed to provide differential levels of biosafety for plants in the 
absence or presence of other experimental organisms that contain recombinant or synthetic nucleic acid 
molecules.  These biosafety levels, in conjunction with biological containment conditions described in Appendix 
P-III, Biological Containment Practices, provide flexible approaches to ensure the safe conduct of research. 
 
Appendix P-I-E.  For experiments in which plants are grown at the BL1 through BL4 laboratory settings, 
containment practices shall be followed as described in Appendix G, Physical Containment.  These containment 
practices include the use of plant tissue culture rooms, growth chambers within laboratory facilities, or 
experiments performed on open benches.  Additional biological containment practices should be added by the 
Greenhouse Director or Institutional Biosafety Committee as necessary (see Appendix P-III, Biological 
Containment Practices), if botanical reproductive structures are produced that have the potential of being 
released. 
 
Appendix P-II. Physical Containment Levels 
 
Appendix P-II-A. Biosafety Level 1 - Plants (BL1-P) 
 
Appendix P-II-A-1. Standard Practices (BL1-P) 
 
Appendix P-II-A-1-a. Greenhouse Access (BL1-P) 
 
Appendix P-II-A-1-a-(1).  Access to the greenhouse shall be limited or restricted, at the discretion of the 
Greenhouse Director, when experiments are in progress. 
 
Appendix P-II-A-1-a-(2).  Prior to entering the greenhouse, personnel shall be required to read and follow 
instructions on BL1-P greenhouse practices and procedures.  All procedures shall be performed in accordance 
with accepted greenhouse practices that are appropriate to the experimental organism. 
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Appendix P-II-A-1-b. Records (BL1-P) 
 
Appendix P-II-A-1-b-(1).  A record shall be kept of experiments currently in progress in the greenhouse facility. 
 
Appendix P-II-A-1-c. Decontamination and Inactivation (BL1-P) 
 
Appendix P-II-A-1-c-(1).  Experimental organisms shall be rendered biologically inactive by appropriate 
methods before disposal outside of the greenhouse facility. 
 
Appendix P-II-A-1-d. Control of Undesired Species and Motile Macroorganisms (BL1-P) 
 
Appendix P-II-A-1-d-(1).  A program shall be implemented to control undesired species (e.g., weed, rodent, or 
arthropod pests and pathogens), by methods appropriate to the organisms and in accordance with applicable 
state and Federal laws. 
 
Appendix P-II-A-1-d-(2).  Arthropods and other motile macroorganisms shall be housed in appropriate cages.  
If macroorganisms (e.g., flying arthropods or nematodes) are released within the greenhouse, precautions shall 
be taken to minimize escape from the greenhouse facility. 
 
Appendix P-II-A-1-e. Concurrent Experiments Conducted in the Greenhouse (BL1-P) 
 
Appendix P-II-A-1-e-(1).  Experiments involving other organisms that require a containment level lower than 
BL1-P may be conducted in the greenhouse concurrently with experiments that require BL1-P containment, 
provided that all work is conducted in accordance with BL1-P greenhouse practices. 
 
Appendix P-II-A-2. Facilities (BL1-P) 
 
Appendix P-II-A-2-a. Definitions (BL1-P) 
 
Appendix P-II-A-2-a-(1).  The term "greenhouse" refers to a structure with walls, a roof, and a floor designed 
and used principally for growing plants in a controlled and protected environment.  The walls and roof are 
usually constructed of transparent or translucent material to allow passage of sunlight for plant growth. 
  
Appendix P-II-A-2-a-(2).  The term "greenhouse facility" includes the actual greenhouse rooms or 
compartments for growing plants, including all immediately contiguous hallways and head-house areas, and is 
considered part of the confinement area. 
 
Appendix P-II-A-2-b. Greenhouse Design (BL1-P) 
 
Appendix P-II-A-2-b-(1).  The greenhouse floor may be composed of gravel or other porous material.  At a 
minimum, impervious (e.g., concrete) walkways are recommended. 
 
Appendix P-II-A-2-b-(2).  Windows and other openings in the walls and roof of the greenhouse facility may be 
open for ventilation as needed for proper operation and do not require any special barrier to contain or exclude 
pollen, microorganisms, or small flying animals (e.g., arthropods and birds); however, screens are 
recommended. 
 
Appendix P-II-B. Biosafety Level 2 - Plants (BL2-P) 
 
Appendix P-II-B-1. Standard Practices (BL2-P) 
 
Appendix P-II-B-1-a. Greenhouse Access (BL2-P) 
 
Appendix P-II-B-1-a-(1).  Access to the greenhouse shall be limited or restricted, at the discretion of the 
Greenhouse Director, to individuals directly involved with the experiments when they are in progress. 
 
Appendix P-II-B-1-a-(2).  Personnel shall be required to read and follow instructions on BL2-P practices and 
procedures.  All procedures shall be conducted in accordance with accepted greenhouse practices that are 
appropriate to the experimental organisms. 
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Appendix P-II-B-1-b. Records (BL2-P) 

Appendix P-II-B-1-b-(1).  A record shall be kept of experimental plants, microorganisms, or small animals that 
are brought into or removed from the greenhouse facility. 

Appendix P-II-B-1-b-(2).  A record shall be kept of experiments currently in progress in the greenhouse facility. 

Appendix P-II-B-1-b-(3).  The Principal Investigator shall report any greenhouse accident involving the 
inadvertent release or spill of microorganisms to the Greenhouse Director, Institutional Biosafety Committee, 
NIH OSP and other appropriate authorities immediately (if applicable).  Reports to the NIH OSP shall be sent to 
the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; 
additional contact information is also available here and on the OSP website (www.osp.od.nih.gov).  
Documentation of any such accident shall be prepared and maintained. 

Appendix P-II-B-1-c. Decontamination and Inactivation (BL2-P) 

Appendix P-II-B-1-c-(1).  Experimental organisms shall be rendered biologically inactive by appropriate 
methods before disposal outside of the greenhouse facility. 

Appendix P-II-B-1-c-(2).  Decontamination of run-off water is not necessarily required.  If part of the 
greenhouse is composed of gravel or similar material, appropriate treatments should be made periodically to 
eliminate, or render inactive, any organisms potentially entrapped by the gravel. 

Appendix P-II-B-1-d. Control of Undesired Species and Motile Macroorganisms (BL2-P) 

Appendix P-II-B-1-d-(1).  A program shall be implemented to control undesired species (e.g., weed, rodent, or 
arthropod pests and pathogens) by methods appropriate to the organisms and in accordance with applicable 
state and Federal laws. 

Appendix P-II-B-1-d-(2).  Arthropods and other motile macroorganisms shall be housed in appropriate cages.  
If macroorganisms (e.g., flying arthropods or nematodes) are released within the greenhouse, precautions shall 
be taken to minimize escape from the greenhouse facility. 

Appendix P-II-B-1-e. Concurrent Experiments Conducted in the Greenhouse (BL2-P) 

Appendix P-II-B-1-e-(1).  Experiments involving other organisms that require a containment level lower than 
BL2-P may be conducted in the greenhouse concurrently with experiments that require BL2-P containment 
provided that all work is conducted in accordance with BL2-P greenhouse practices. 

Appendix P-II-B-1-f. Signs (BL2-P) 

Appendix P-II-B-1-f-(1).  A sign shall be posted indicating that a restricted experiment is in progress.  The sign 
shall indicate the following:  (i) the name of the responsible individual, (ii) the plants in use, and (iii) any special 
requirements for using the area. 

Appendix P-II-B-1-f-(2).  If organisms are used that have a recognized potential for causing serious detrimental 
impacts on managed or natural ecosystems, their presence shall be indicated on a sign posted on the 
greenhouse access doors. 

Appendix P-II-B-1-f-(3).  If there is a risk to human health, a sign shall be posted incorporating the universal 
biosafety symbol. 

Appendix P-II-B-1-g. Transfer of Materials (BL2-P) 

Appendix P-II-B-1-g-(1).  Materials containing experimental microorganisms, which are brought into or removed 
from the greenhouse facility in a viable or intact state, shall be transferred in a closed non-breakable container. 
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Appendix P-II-B-1-h. Greenhouse Practices Manual (BL2-P) 
 
Appendix P-II-B-1-h-(1).  A greenhouse practices manual shall be prepared or adopted.  This manual shall:  (i) 
advise personnel of the potential consequences if such practices are not followed, and (ii) outline contingency 
plans to be implemented in the event of the unintentional release of organisms. 
 
Appendix P-II-B-2. Facilities (BL2-P) 
 
Appendix P-II-B-2-a. Definitions (BL2-P) 
 
Appendix P-II-B-2-a-(1).  The term "greenhouse" refers to a structure with walls, a roof, and a floor designed 
and used principally for growing plants in a controlled and protected environment.  The walls and roof are 
usually constructed of transparent or translucent material to allow passage of sunlight for plant growth. 
 
Appendix P-II-B-2-a-(2).   The term "greenhouse facility" includes the actual greenhouse rooms or 
compartments for growing plants, including all immediately contiguous hallways and head-house areas and is 
considered part of the confinement area. 
 
Appendix P-II-B-2-b. Greenhouse Design (BL2-P) 
 
Appendix P-II-B-2-b-(1).  A greenhouse floor composed of an impervious material.  Concrete is recommended, 
but gravel or other porous material under benches is acceptable unless propagules of experimental organisms 
are readily disseminated through soil.  Soil beds are acceptable unless propagules of experimental organisms 
are readily disseminated through soil. 
 
Appendix P-II-B-2-b-(2).  Windows and other openings in the walls and roof of the greenhouse facility may be 
open for ventilation as needed for proper operation and do not require any special barrier to exclude pollen or 
microorganisms; however, screens are required to exclude small flying animals (e.g., arthropods and birds). 
 
Appendix P-II-B-2-c. Autoclaves (BL2-P) 
 
Appendix P-II-B-2-c-(1).  An autoclave shall be available for the treatment of contaminated greenhouse 
materials. 
 
Appendix P-II-B-2-d. Supply and Exhaust Air Ventilation Systems (BL2-P)  
 
Appendix P-II-B-2-d-(1).  If intake fans are used, measures shall be taken to minimize the ingress of 
arthropods.  Louvers or fans shall be constructed such that they can only be opened when the fan is in 
operation. 
 
Appendix P-II-B-2-e. Other (BL2-P) 
 
Appendix P-II-B-2-e-(1).  BL2-P greenhouse containment requirements may be satisfied by using a growth 
chamber or growth room within a building provided that the external physical structure limits access and escape 
of microorganisms and macroorganisms in a manner that satisfies the intent of the foregoing clauses. 
 
Appendix P-II-C. Biosafety Level 3 - Plants (BL3-P) 
 
Appendix P-II-C-1. Standard Practices (BL3-P) 
 
Appendix P-II-C-1-a. Greenhouse Access (BL3-P) 
 
Appendix P-II-C-1-a-(1).  Authorized entry into the greenhouse shall be restricted to individuals who are 
required for program or support purposes.  The Greenhouse Director shall be responsible for assessing each 
circumstance and determining those individuals who are authorized to enter the greenhouse facility. 
 
Appendix P-II-C-1-a-(2).  Prior to entering the greenhouse, personnel shall be required to read and follow 
instructions on BL3-P practices and procedures.  All procedures shall be conducted in accordance with 
accepted greenhouse practices that are appropriate to the experimental organisms. 
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Appendix P-II-C-1-b. Records (BL3-P) 

Appendix P-II-C-1-b-(1).  A record shall be kept of experimental plants, microorganisms, or small animals that 
are brought into or removed from the greenhouse facility. 

Appendix P-II-C-1-b-(2).  A record shall be kept of experiments currently in progress in the greenhouse facility. 

Appendix P-II-C-1-b-(3).  The Principal Investigator shall report any greenhouse accident involving the 
inadvertent release or spill of microorganisms to the Biological Safety Officer, Greenhouse Director, Institutional 
Biosafety Committee, NIH OSP, and other appropriate authorities immediately (if applicable).  Reports to the 
NIH OSP shall be sent to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Documentation of any such accident shall be prepared and maintained. 

Appendix P-II-C-1-c. Decontamination and Inactivation (BL3-P) 

Appendix P-II-C-1-c-(1).  All experimental materials shall be sterilized in an autoclave or rendered biologically 
inactive by appropriate methods before disposal, except those that are to remain in a viable or intact state for 
experimental purposes; including water that comes in contact with experimental microorganisms or with material 
exposed to such microorganisms, and contaminated equipment and supplies. 

Appendix P-II-C-1-d. Control of Undesired Species and Motile Macroorganisms (BL3-P) 

Appendix P-II-C-1-d-(1).  A program shall be implemented to control undesired species (e.g., weed, rodent, or 
arthropod pests and pathogens) by methods appropriate to the organisms and in accordance with applicable 
state and Federal laws. 

Appendix P-II-C-1-d-(2).  Arthropods and other motile macroorganisms shall be housed in appropriate cages.  
When appropriate to the organism, experiments shall be conducted within cages designed to contain the motile 
organisms. 

Appendix P-II-C-1-e. Concurrent Experiments Conducted in the Greenhouse (BL3-P) 

Appendix P-II-C-1-e-(1).  Experiments involving organisms that require a containment level lower than BL3-P 
may be conducted in the greenhouse concurrently with experiments that require BL3-P containment provided 
that all work is conducted in accordance with BL3-P greenhouse practices. 

Appendix P-II-C-1-f. Signs (BL3-P) 

Appendix P-II-C-1-f-(1).  A sign shall be posted indicating that a restricted experiment is in progress.  The sign 
shall indicate the following:  (i) the name of the responsible individual, (ii) the plants in use, and (iii) any special 
requirements for using the area. 

Appendix P-II-C-1-f-(2).  If organisms are used that have a recognized potential for causing serious detrimental 
impacts on managed or natural ecosystems, their presence should be indicated on a sign posted on the 
greenhouse access doors. 

Appendix P-II-C-1-f-(3).  If there is a risk to human health, a sign shall be posted incorporating the universal 
biosafety symbol. 

Appendix P-II-C-1-g. Transfer of Materials (BL3-P) 

Appendix P-II-C-1-g-(1).  Experimental materials that are brought into or removed from the greenhouse facility 
in a viable or intact state shall be transferred to a non-breakable sealed secondary container.  At the time of 
transfer, if the same plant species, host, or vector are present within the effective dissemination distance of 
propagules of the experimental organism, the surface of the secondary container shall be decontaminated.  
Decontamination may be accomplished by passage through a chemical disinfectant or fumigation chamber or by 
an alternative procedure that has demonstrated effective inactivation of the experimental organism.  
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Appendix P-II-C-1-h. Greenhouse Practices Manual (BL3-P) 
 
Appendix P-II-C-1-h-(1).  A greenhouse practices manual shall be prepared or adopted.  This manual shall:  (i) 
advise personnel of the potential consequences if such practices are not followed, and (ii) outline contingency 
plans to be implemented in the event of the unintentional release of organisms with recognized potential for 
serious detrimental impact. 
 
Appendix P-II-C-1-i. Protective Clothing (BL3-P) 
 
Appendix P-II-C-1-i-(1).  Disposable clothing (e.g., solid front or wrap-around gowns, scrub suits, or other 
appropriate clothing) shall be worn in the greenhouse if deemed necessary by the Greenhouse Director 
because of potential dissemination of the experimental microorganisms. 
 
Appendix P-II-C-1-i-(2).  Protective clothing shall be removed before exiting the greenhouse and 
decontaminated prior to laundering or disposal. 
 
Appendix P-II-C-1-j. Other (BL3-P) 
 
Appendix P-II-C-1-j-(1).  Personnel are required to thoroughly wash their hands upon exiting the greenhouse. 
 
Appendix P-II-C-1-j-(2).  All procedures shall be performed carefully to minimize the creation of aerosols and 
excessive splashing of potting material/soil during watering, transplanting, and all experimental manipulations. 
 
Appendix P-II-C-2. Facilities (BL3-P) 
 
Appendix P-II-C-2-a. Definitions (BL3-P) 
 
Appendix P-II-C-2-a-(1).  The term "greenhouse" refers to a structure with walls, roof, and floor designed and 
used principally for growing plants in a controlled and protected environment.  The walls and roof are usually 
constructed of transparent or translucent material to allow passage of sunlight for plant growth. 
 
Appendix P-II-C-2-a-(2).  The term "greenhouse facility" includes the actual greenhouse rooms or 
compartments for growing plants, including all immediately contiguous hallways and head-house areas, and is 
considered part of the confinement area.  The need to maintain negative pressure should be considered when 
constructing or renovating the greenhouse. 
 
Appendix P-II-C-2-b. Greenhouse Design (BL3-P) 
 
Appendix P-II-C-2-b-(1).  The greenhouse floor shall be composed of concrete or other impervious material 
with provision for collection and decontamination of liquid run-off. 
 
Appendix P-II-C-2-b-(2).  Windows shall be closed and sealed.  All glazing shall be resistant to breakage (e.g., 
double-pane tempered glass or equivalent). 
 
Appendix P-II-C-2-b-(3).  The greenhouse shall be a closed self-contained structure with a continuous covering 
that is separated from areas that are open to unrestricted traffic flow.  The minimum requirement for greenhouse 
entry shall be passage through two sets of self-closing locking doors. 
 
Appendix P-II-C-2-b-(4).  The greenhouse facility shall be surrounded by a security fence or protected by 
equivalent security measures. 
 
Appendix P-II-C-2-b-(5).  Internal walls, ceilings, and floors shall be resistant to penetration by liquids and 
chemicals to facilitate cleaning and decontamination of the area.  All penetrations into these structures and 
surfaces (e.g., plumbing and utilities) shall be sealed. 
 
Appendix P-II-C-2-b-(6).  Bench tops and other work surfaces should have seamless surfaces that are 
impervious to water and resistant to acids, alkalis, organic solvents, and moderate heat. 
 
Appendix P-II-C-2-b-(7).  The greenhouse contains a foot, elbow, or automatically operated sink, which is 
located near the exit door for hand washing. 
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Appendix P-II-C-2-c. Autoclaves (BL3-P) 
 
Appendix P-II-C-2-c-(1).  An autoclave shall be available for decontaminating materials within the greenhouse 
facility.  A double-door autoclave is recommended (not required) for the decontamination of materials passing 
out of the greenhouse facility. 
 
Appendix P-II-C-2-d. Supply and Exhaust Air Ventilation Systems (BL3-P) 
 
Appendix P-II-C-2-d-(1).  An individual supply and exhaust air ventilation system shall be provided.  The 
system maintains pressure differentials and directional airflow, as required, to assure inward (or zero) airflow 
from areas outside of the greenhouse. 
 
Appendix P-II-C-2-d-(2).  The exhaust air from the greenhouse facility shall be filtered through high efficiency 
particulate air-HEPA filters and discharged to the outside.  The filter chambers shall be designed to allow in situ 
decontamination before filters are removed and to facilitate certification testing after they are replaced.  Air filters 
shall be 80-85% average efficiency by the American Society of Heating, Refrigerating, and Air Conditioning 
Engineers (ASHRAE) Standard 52-68 test method using atmosphere dust.  Air supply fans shall be equipped 
with a back-flow damper that closes when the air supply fan is off.  Alternatively, a HEPA filter may be used on 
the air supply system instead of the filters and damper.  The supply and exhaust airflow shall be interlocked to 
assure inward (or zero) airflow at all times. 
 
Appendix P-II-C-2-e. Other (BL3-P) 
 
Appendix P-II-C-2-e-(1).  BL3-P greenhouse containment requirements may be satisfied using a growth 
chamber or growth room within a building provided that the location, access, airflow patterns, and provisions for 
decontamination of experimental materials and supplies meet the intent of the foregoing clauses. 
 
Appendix P-II-C-2-e-(2).  Vacuum lines shall be protected with high efficiency particulate air/HEPA or 
equivalent filters and liquid disinfectant traps. 
  
Appendix P-II-D. Biosafety Level 4 - Plants (BL4-P) 
 
Appendix P-II-D-1. Standard Practices (BL4-P) 
 
Appendix P-II-D-1-a. Greenhouse Access (BL4-P) 
 
Appendix P-II-D-1-a-(1).  Authorized entry into the greenhouse shall be restricted to individuals who are 
required for program or support purposes.  The Greenhouse Director shall be responsible for assessing each 
circumstance and determining those individuals who are authorized to enter the greenhouse facility or work in 
the greenhouse during experiments. 
 
Appendix P-II-D-1-a-(2).  Access shall be managed by the Greenhouse Director, Biological Safety Officer, or 
other individual responsible for physical security of the greenhouse facility; and access limited by means of 
secure, locked doors. 
 
Appendix P-II-D-1-a-(3).  Prior to entering, individuals shall be advised of the potential environmental hazards 
and instructed on appropriate safeguards for ensuring environmental safety.  Individuals authorized to enter the 
greenhouse facility shall comply with the instructions and all other applicable entry/exit procedures. 
 
Appendix P-II-D-1-a-(4).  Personnel shall enter and exit the greenhouse facility only through the clothing 
change and shower rooms and shall shower each time they exit the greenhouse facility.  Personnel shall use 
the airlocks to enter or exit the laboratory only in an emergency.  In the event of an emergency, every 
reasonable effort should be made to prevent the possible transport of viable propagules from containment. 
 
Appendix P-II-D-1-a-(5).  Prior to entering the greenhouse, personnel shall be required to read and follow 
instructions on BL4-P practices and procedures. 
 
Appendix P-II-D-1-b. Records (BL4-P) 
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Appendix P-II-D-1-b-(1).  A record shall be kept of all experimental materials brought into or removed from the 
greenhouse. 

Appendix P-II-D-1-b-(2).  A record shall be kept of experiments currently in progress in the greenhouse facility. 

Appendix P-II-D-1-b-(3).  A record shall be kept of all personnel entering and exiting the greenhouse facility, 
including the date and time of each entry. 

Appendix P-II-D-1-b-(4).  The Principal Investigator shall report any greenhouse accident involving the 
inadvertent release or spill of microorganisms to the Biological Safety Officer, Greenhouse Director, Institutional 
Biosafety Committee, NIH OSP, and other appropriate authorities immediately (if applicable).  Reports to the 
NIH OSP shall be sent to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Documentation of any such accident shall be prepared and maintained. 

Appendix P-II-D-1-c. Decontamination and Inactivation (BL4-P) 

Appendix P-II-D-1-c-(1).  All materials, except for those that are to remain in a viable or intact state for 
experimental purposes, shall be autoclaved prior to removal from the maximum containment greenhouse. 
Equipment or material that could be damaged by high temperatures or steam shall be decontaminated by 
alternative methods (e.g., gas or vapor sterilization) in an airlock or chamber designed for this purpose. 

Appendix P-II-D-1-c-(2).  Water that comes in contact with experimental microorganisms or with material 
exposed to such microorganisms (e.g., run-off from watering plants) shall be collected and decontaminated 
before disposal. 

Appendix P-II-D-1-c-(3).  Standard microbiological procedures shall be followed for decontamination of 
equipment and materials.  Spray or liquid waste or rinse water from containers used to apply the experimental 
microorganisms shall be decontaminated before disposal. 

Appendix P-II-D-1-d. Control of Undesired Species and Motile Macroorganisms (BL4-P) 

Appendix P-II-D-1-d-(1).  A chemical control program shall be implemented to eliminate undesired pests and 
pathogens in accordance with applicable state and Federal laws. 

Appendix P-II-D-1-d-(2).  Arthropods and other motile macroorganisms used in conjunction with experiments 
requiring BL4-P level physical containment shall be housed in appropriate cages.  When appropriate to the 
organism, experiments shall be conducted within cages designed to contain the motile organisms. 

Appendix P-II-D-1-e. Concurrent Experiments Conducted in the Greenhouse (BL4-P) 

Appendix P-II-D-1-e-(1).  Experiments involving organisms that require a containment level lower than BL4-P 
may be conducted in the greenhouse concurrently with experiments that require BL4-P containment provided 
that all work is conducted in accordance with BL4-P greenhouse practices.  When the experimental 
microorganisms in use require a containment level lower than BL4-P, greenhouse practices reflect the level of 
containment required by the highest containment level microorganisms being tested. 

Appendix P-II-D-1-f. Signs (BL4-P) 

Appendix P-II-D-1-f-(1).  A sign shall be posted indicating that a restricted experiment is in progress.  The sign 
shall indicate the following:  (i) the name of the responsible individual, (ii) the plants in use, and (iii) any special 
requirements for using the area. 

Appendix P-II-D-1-f-(2).   If organisms are used that have a recognized potential for causing serious detrimental 
impacts on managed or natural ecosystems, their presence shall be indicated by a sign posted on the 
greenhouse access doors. 

Appendix P-II-D-1-f-(3).  If there is a risk to human health, a sign shall be posted incorporating the universal 
biosafety symbol. 
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Appendix P-II-D-1-g. Transfer of Materials (BL4-P) 
 
Appendix P-II-D-1-g-(1).  Experimental materials that are brought into or removed from the greenhouse in a 
viable or intact state shall be transferred to a non-breakable, sealed, primary container then enclosed in a non-
breakable, sealed secondary container.  These containers shall be removed from the greenhouse facility 
through a chemical disinfectant, fumigation chamber, or an airlock designed for this purpose. 
 
Appendix P-II-D-1-g-(2).  Supplies and materials shall be brought into the greenhouse facility through a double-
door autoclave, fumigation chamber, or airlock that is appropriately decontaminated between each use.  After 
securing the outer doors, personnel within the greenhouse facility shall retrieve the materials by opening the 
interior door of the autoclave, fumigation chamber, or airlock.  These doors shall be secured after the materials 
are brought into the greenhouse facility. 
 
Appendix P-II-D-1-h. Greenhouse Practices Manual (BL4-P) 
 
Appendix P-II-D-1-h-(1).  A greenhouse practices manual shall be prepared or adopted.  This manual shall 
include contingency plans to be implemented in the event of the unintentional release of experimental 
organisms.  
 
Appendix P-II-D-1-i. Protective Clothing (BL4-P) 
 
Appendix P-II-D-1-i-(1).  Street clothing shall be removed in the outer clothing change room.  Complete 
laboratory clothing (may be disposable) including undergarments, pants, and shirts, jump suits, shoes, and hats 
shall be provided and worn by all personnel entering the greenhouse facility. 
 
Appendix P-II-D-1-i-(2).  Personnel shall remove laboratory clothing when exiting the greenhouse facility and 
before entering the shower area.  This clothing shall be stored in a locker or hamper in the inner change room. 
 
Appendix P-II-D-1-i-(3).  All laboratory clothing shall be autoclaved before laundering. 
 
Appendix P-II-D-2. Facilities (BL4-P) 
 
Appendix P-II-D-2-a. Greenhouse Design (BL4-P) 
 
Appendix P-II-D-2-a-(1).  The maximum containment greenhouse facility shall consist of a separate building or 
a clearly demarcated and isolated area within a building.  The need to maintain negative pressure should be 
considered when constructing or renovating the greenhouse facility. 
 
Appendix P-II-D-2-a-(2).  Outer and inner change rooms, separated by a shower, shall be provided for 
personnel entering and exiting the greenhouse facility. 
 
Appendix P-II-D-2-a-(3).  Windows shall be closed and sealed.  All glazing shall be resistant to breakage (e.g., 
double-pane tempered glass or equivalent). 
 
Appendix P-II-D-2-a-(4).  Access doors to the greenhouse shall be self-closing and locking. 
 
Appendix P-II-D-2-a-(5).  The greenhouse facility shall be surrounded by a security fence or protected by 
equivalent security measures. 
 
Appendix P-II-D-2-a-(6).  The walls, floors, and ceilings of the greenhouse shall be constructed to form a sealed 
internal shell that facilitates fumigation and is animal and arthropod-proof.  These internal surfaces shall be 
resistant to penetration and degradation by liquids and chemicals to facilitate cleaning and decontamination of 
the area.  All penetrations into these structures and surfaces (e.g., plumbing and utilities) shall be sealed. 
 
Appendix P-II-D-2-a-(7).  Bench tops and other work surfaces shall have seamless surfaces impervious to 
water and resistant to acids, alkalis, organic solvents, and moderate heat. 
 
Appendix P-II-D-2-a-(8).  A double-door autoclave, fumigation chamber, or ventilated airlock shall be provided 
for passage of all materials, supplies, or equipment that are not brought into the greenhouse facility through the 
change room. 
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Appendix P-II-D-2-b. Autoclaves (BL4-P) 
 
Appendix P-II-D-2-b-(1).  A double-door autoclave shall be provided for the decontamination of materials 
removed from the greenhouse facility.  The autoclave door, which opens to the area external to the greenhouse 
facility, shall be sealed to the outer wall and automatically controlled so that it can only be opened upon 
completion of the sterilization cycle. 
 
Appendix P-II-D-2-c. Supply and Exhaust Air Ventilation Systems (BL4-P) 
 
Appendix P-II-D-2-c-(1).  An individual supply and exhaust air ventilation system shall be provided.  The system 
shall maintain pressure differentials and directional airflow as required to assure inward (or zero) airflow from 
areas outside of the greenhouse.  Differential pressure transducers shall be used to sense pressure levels.  If a 
system malfunctions, the transducers shall sound an alarm.   A backup source of power should be considered.  
The supply and exhaust airflow shall be interlocked to assure inward (or zero) airflow at all times.  The integrity 
of the greenhouse shall have an air leak rate (decay rate) not to exceed 7 percent per minute (logarithm of 
pressure against time) over a 20-minute period at 2 inches of water gauge pressure.  Nominally, this is 0.05 
inches of water gauge pressure loss in 1 minute at 2 inches water gauge pressure. 
 
Appendix P-II-D-2-c-(2).  Exhaust air from the greenhouse facility shall be filtered through high efficiency 
particulate air/HEPA filters and discharged to the outside and dispersed away from occupied buildings and air 
intakes.  Filter chambers shall be designed to allow in situ decontamination before filters are removed and to 
facilitate certification testing after they are replaced.  HEPA filters shall be provided to treat air supplied to the 
greenhouse facility.  HEPA filters shall be certified annually. 
 
Appendix P-II-D-2-d. Other (BL4-P) 
 
Appendix P-II-D-2-d-(1).  Sewer vents and other ventilation lines contain high efficiency particulate air/HEPA 
filters.  HEPA filters shall be certified annually. 
 
Appendix P-II-D-2-d-(2).  A pass-through dunk tank, fumigation chamber, or an equivalent method of 
decontamination shall be provided to ensure decontamination of materials and equipment that cannot be 
decontaminated in the autoclave. 
 
Appendix P-II-D-2-d-(3).  Liquid effluent from sinks, floors, and autoclave chambers shall be decontaminated by 
heat or chemical treatment before being released from the maximum containment greenhouse facility.  Liquid 
wastes from shower rooms and toilets may be decontaminated by heat or chemical treatment.  Autoclave and 
chemical decontamination of liquid wastes shall be evaluated by appropriate standard procedures for 
autoclaved wastes.  Decontamination shall be evaluated mechanically and biologically using a recording 
thermometer and an indicator microorganism with a defined heat susceptibility pattern.  If liquid wastes are 
decontaminated with chemical disinfectants, the chemicals used must have demonstrated efficacy against the 
target or indicator microorganisms. 
 
Appendix P-II-D-2-d-(4).  If there is a central vacuum system, it shall not serve areas outside of the greenhouse 
facility.  In-line high efficiency particulate air/HEPA filters shall be placed as near as practicable to each use 
point or vacuum service cock.  Other liquid and gas services to the greenhouse facility shall be protected by 
devices that prevent back-flow.  HEPA filters shall be certified annually. 
 
Appendix P-III. Biological Containment Practices 
 
Appropriate selection of the following biological containment practices may be used to meet the containment 
requirements for a given organism.  The present list is not exhaustive; there may be other ways of preventing 
effective dissemination that could possibly lead to the establishment of the organism or its genetic material in 
the environment resulting in deleterious consequences to managed or natural ecosystems. 
 
Appendix P-III-A. Biological Containment Practices (Plants) 
 
Appendix P-III-A-1.  Effective dissemination of plants by pollen or seed can be prevented by one or more of the 
following procedures:  (i) cover the reproductive structures to prevent pollen dissemination at flowering and seed 
dissemination at maturity; (ii) remove reproductive structures by employing male sterile strains, or harvest the 
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plant material prior to the reproductive stage; (iii) ensure that experimental plants flower at a time of year when 
cross-fertile plants are not flowering within the normal pollen dispersal range of the experimental plant; or (iv) 
ensure that cross-fertile plants are not growing within the known pollen dispersal range of the experimental 
plant. 
 
Appendix P-III-B. Biological Containment Practices (Microorganisms) 
 
Appendix P-III-B-1.  Effective dissemination of microorganisms beyond the confines of the greenhouse can be 
prevented by one or more of the following procedures:  (i) confine all operations to injections of microorganisms 
or other biological procedures (including genetic manipulation) that limit replication or reproduction of viruses 
and microorganisms or sequences derived from microorganisms, and confine these injections to internal plant 
parts or adherent plant surfaces; (ii) ensure that organisms, which can serve as hosts or promote the 
transmission of the virus or microorganism, are not present within the farthest distance that the airborne virus or 
microorganism may be expected to be effectively disseminated; (iii) conduct experiments at a time of year when 
plants that can serve as hosts are either not growing or are not susceptible to productive infection; (iv) use 
viruses and other microorganisms or their genomes that have known arthropod or animal vectors, in the 
absence of such vectors; (v) use microorganisms that have an obligate association with the plant; or (vi) use 
microorganisms that are genetically disabled to minimize survival outside of the research facility and whose 
natural mode of transmission requires injury of the target organism, or assures that inadvertent release is 
unlikely to initiate productive infection of organisms outside of the experimental facility. 
 
Appendix P-III-C. Biological Containment Practices (Macroorganisms) 
 
Appendix P-III-C-1.  Effective dissemination of arthropods and other small animals can be prevented by using 
one or more of the following procedures:  (i) use non-flying, flight-impaired, or sterile arthropods; (ii) use non-
motile or sterile strains of small animals; (iii) conduct experiments at a time of year that precludes the survival of 
escaping organisms; (iv) use animals that have an obligate association with a plant that is not present within the 
dispersal range of the organism; or (v) prevent the escape of organisms present in run-off water by chemical 
treatment or evaporation of run-off water. 
  
*********************************************************************************************************************** 
 
 
APPENDIX Q. PHYSICAL AND BIOLOGICAL CONTAINMENT FOR RECOMBINANT OR SYNTHETIC 
NUCLEIC ACID MOLECULE RESEARCH INVOLVING ANIMALS 
 
Appendix Q specifies containment and confinement practices for research involving whole animals, both those 
in which the animal's genome has been altered by stable introduction of recombinant or synthetic nucleic acid 
molecules, or DNA derived therefrom, into the germ-line (transgenic animals) and experiments involving viable 
recombinant or synthetic nucleic acid molecule-modified microorganisms tested on whole animals.  The 
appendix applies to animal research activities with the following modifications: 
 
Appendix Q shall supersede Appendix G (Physical Containment) when research animals are of a size or have 
growth requirements that preclude the use of containment for laboratory animals.  Some animals may require 
other types of containment (see Appendix Q-III-D, Footnotes and References for Appendix Q).  The animals 
covered in Appendix Q are those species normally categorized as animals including but not limited to cattle, 
swine, sheep, goats, horses, and poultry. 
 
The Institutional Biosafety Committee shall include at least one scientist with expertise in animal containment 
principles when experiments utilizing Appendix Q require Institutional Biosafety Committee prior approval. 
 
The institution shall establish and maintain a health surveillance program for personnel engaged in animal 
research involving viable recombinant or synthetic nucleic acid molecule-containing microorganisms that require 
Biosafety Level (BL) 3 or greater containment in the laboratory. 
 
Appendix Q-I. General Considerations 
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Appendix Q-I-A. Containment Levels 
 
The containment levels required for research involving recombinant or synthetic nucleic acid molecules 
associated with or in animals is based on classification of experiments in Section III, Experiments Covered by 
the NIH Guidelines.  For the purpose of animal research, four levels of containment are established.  These are 
referred to as BL1-Animals (N), BL2-N, BL3-N, and BL4-N and are described in the following appendices of 
Appendix Q.  The descriptions include:  (i) standard practices for physical and biological containment, and (ii) 
animal facilities. 
 
Appendix Q-I-B. Disposal of Animals (BL1-N through BL4-N) 
 
Appendix Q-I-B-1.  When an animal covered by Appendix Q containing recombinant or synthetic nucleic acid 
molecules or a recombinant or synthetic nucleic acid molecule-derived organism is euthanized or dies, the 
carcass shall be disposed of to avoid its use as food for human beings or animals unless food use is specifically 
authorized by an appropriate Federal agency. 
 
Appendix Q-I-B-2.  A permanent record shall be maintained of the experimental use and disposal of each 
animal or group of animals. 
 
Appendix Q-II. Physical and Biological Containment Levels 
 
Appendix Q-II-A. Biosafety Level 1 - Animals (BL1-N) 
 
Appendix Q-II-A-1. Standard Practices (BL1-N) 
 
Appendix Q-II-A-1-a. Animal Facility Access (BL1-N) 
 
Appendix Q-II-A-1-a-(1).  The containment area shall be locked. 
 
Appendix Q-II-A-1-a-(2).  Access to the containment area shall be limited or restricted when experimental 
animals are being held. 
 
Appendix Q-II-A-1-a-(3).  The containment area shall be patrolled or monitored at frequent intervals. 
 
Appendix Q-II-A-1-b. Other (BL1-N) 
 
Appendix Q-II-A-1-b-(1).  All genetically engineered neonates shall be permanently marked within 72 hours 
after birth, if their size permits.  If their size does not permit marking, their containers should be marked.  In 
addition, transgenic animals should contain distinct and biochemically assayable DNA sequences that allow 
identification of transgenic animals from among non-transgenic animals. 
 
Appendix Q-II-A-1-b-(2)  A double barrier shall be provided to separate male and female animals unless 
reproductive studies are part of the experiment or other measures are taken to avoid reproductive transmission.  
Reproductive incapacitation may be used. 
 
Appendix Q-II-A-1-b-(3).  The containment area shall be in accordance with state and Federal laws and animal 
care requirements. 
 
Appendix Q-II-A-2. Animal Facilities (BL1-N) 
 
Appendix Q-II-A-2-a.  Animals shall be confined to securely fenced areas or be in enclosed structures (animal 
rooms) to minimize the possibility of theft or unintentional release. 
 
Appendix Q-II-B. Biosafety Level 2 - Animals (BL2-N) (See Appendix Q-III-A, Footnotes and References 
for Appendix Q) 
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Appendix Q-II-B-1. Standard Practices (BL2-N) 

Appendix Q-II-B-1-a. Animal Facility Access (BL2-N) 

Appendix Q-II-B-1-a-(1).  The containment area shall be locked. 

Appendix Q-II-B-1-a-(2).  The containment area shall be patrolled or monitored at frequent intervals. 

Appendix Q-II-B-1-a-(3).  The containment building shall be controlled and have a locking access. 

Appendix Q-II-B-1-a-(4).  The Animal Facility Director shall establish policies and procedures whereby only 
persons who have been advised of the potential hazard and who meet any specific entry requirements (e.g., 
vaccination) may enter the laboratory or animal rooms. 

Appendix Q-II-B-1-a-(5).  Animals of the same or different species, which are not involved in the work being 
performed, shall not be permitted in the animal area. 

Appendix Q-II-B-1-b. Decontamination and Inactivation (BL2-N) 

Appendix Q-II-B-1-b-(1).  Contaminated materials that are decontaminated at a site away from the laboratory 
shall be placed in a closed durable leak-proof container prior to removal from the laboratory. 

Appendix Q-II-B-1-b-(2).  Needles and syringes shall be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 

Appendix Q-II-B-1-c. Signs (BL2-N) 

Appendix Q-II-B-1-c-(1).  When the animal research requires special provisions for entry (e.g., vaccination), a 
warning sign incorporating the universal biosafety symbol shall be posted on all access doors to the animal work 
area.  The sign shall indicate:  (i) the agent, (ii) the animal species, (iii) the name and telephone number of the 
Animal Facility Director or other responsible individual, and (iv) any special requirements for entering the 
laboratory. 

Appendix Q-II-B-1-d. Protective Clothing (BL2-N) 

Appendix Q-II-B-1-d-(1).  Laboratory coats, gowns, smocks, or uniforms shall be worn while in the animal area 
or attached laboratory.  Before entering non-laboratory areas (e.g., cafeteria, library, administrative offices), 
protective clothing shall be removed and kept in the work entrance area. 

Appendix Q-II-B-1-d-(2).  Special care shall be taken to avoid skin contamination with microorganisms 
containing recombinant or synthetic nucleic acid molecules.  Impervious and/or protective gloves shall be worn 
when handling experimental animals and when skin contact with an infectious agent is unavoidable. 

Appendix Q-II-B-1-e. Records (BL2-N) 

Appendix Q-II-B-1-e-(1).  Any incident involving spills and accidents that result in environmental release or 
exposures of animals or laboratory workers to organisms containing recombinant or synthetic nucleic acid 
molecules shall be reported immediately to the Animal Facility Director, Institutional Biosafety Committee, NIH 
OSP, and other appropriate authorities (if applicable).  Reports to the NIH OSP shall be sent to the Office of 
Science Policy, National Institutes of Health, preferably by e-mail to:  NIHGuidelines@od.nih.gov; additional 
contact information is also available here and on the OSP website (www.osp.od.nih.gov).  Medical evaluation, 
surveillance, and treatment shall be provided as appropriate and written records maintained.  If necessary, 
the area shall be appropriately decontaminated. 

Appendix Q-II-B-1-e-(2).  When appropriate and giving consideration to the agent handled, baseline serum 
samples shall be collected and stored for animal care and other at-risk personnel.  Additional serum specimens 
may be collected periodically depending on the agent handled and the function of the animal facility. 
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Appendix Q-II-B-1-f. Transfer of Materials (BL2-N) 
 
Appendix Q-II-B-1-f-(1).  Biological materials removed from the animal containment area in a viable or intact 
state shall be transferred to a non-breakable sealed primary container and then enclosed in a non-breakable 
sealed secondary container.  All containers, primary and secondary, shall be disinfected before removal from 
the animal facility.  Advance approval for transfer of material shall be obtained from the Animal Facility Director.  
Packages containing viable agents may only be opened in a facility having an equivalent or higher level of 
physical containment unless the agent is biologically inactivated or incapable of reproduction. 
 
Appendix Q-II-B-1-g. Other (BL2-N) 
 
Appendix Q-II-B-1-g-(1).  All genetically engineered neonates shall be permanently marked within 72 hours 
after birth, if their size permits.  If their size does not permit marking, their containers should be marked.  In 
addition, transgenic animals should contain distinct and biochemically assayable DNA sequences that allow 
identification of transgenic animals from among non-transgenic animals. 
 
Appendix Q-II-B-1-g-(2).  Needles and syringes shall be used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle-locking syringes or disposable syringe-
needle units (i.e., needle is integral to the syringe) shall be used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Extreme caution shall be used when 
handling needles and syringes to avoid autoinoculation and the generation of aerosols during use and disposal.  
Following use, needles shall not be bent, sheared, replaced in the needle sheath or guard, or removed from the 
syringe.  Needles and syringes shall be promptly placed in a puncture-resistant container and decontaminated, 
preferably by autoclaving, before discard or reuse. 
 
Appendix Q-II-B-1-g-(3).  Appropriate steps should be taken to prevent horizontal transmission or exposure of 
laboratory personnel.  If the agent used as a vector is known to be transmitted by a particular route (e.g., 
arthropods), special attention should be given to preventing spread by that route.  In the absence of specific 
knowledge of a particular route of transmission, all potential means of horizontal transmission (e.g., arthropods, 
contaminated bedding, or animal waste, etc.) should be prevented. 
 
Appendix Q-II-B-1-g-(4).  Eating, drinking, smoking, and applying cosmetics shall not be permitted in the work 
area. 
 
Appendix Q-II-B-1-g-(5).  Individuals who handle materials and animals containing recombinant or synthetic 
nucleic acid molecules shall be required to wash their hands before exiting the containment area. 
 
Appendix Q-II-B-1-g-(6).  A double barrier shall be provided to separate male and female animals unless 
reproductive studies are part of the experiment or other measures are taken to avoid reproductive transmission.  
Reproductive incapacitation may be used. 
 
Appendix Q-II-B-1-g-(7).  The containment area shall be in accordance with state and Federal laws and animal 
care requirements. 
 
Appendix Q-II-B-1-g-(8).  A biosafety manual shall be prepared or adopted.  Personnel shall be advised of 
special hazards and required to read and follow instructions on practices and procedures. 
 
Appendix Q-II-B-2. Animal Facilities (BL2-N) 
 
Appendix Q-II-B-2-a.  Animals shall be contained within an enclosed structure (animal room or equivalent) to 
minimize the possibility of theft or unintentional release and to avoid arthropod access.  The special provision to 
avoid the entry or escape of arthropods from the animal areas may be waived if the agent in use is not known to 
be transmitted by arthropods. 
 
Appendix Q-II-B-2-b.  Surfaces shall be impervious to water and resistant to acids, alkalis, organic solvents, 
and moderate heat. 
 
Appendix Q-II-B-2-c.  The animal containment area shall be designed so that it can be easily cleaned. 
 

YM95NC Attachment -- Page 274



Page 120 - NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid Molecules  (April 2016) 

Appendix Q-II-B-2-d.  Windows that open shall be fitted with fly screens. 
 
Appendix Q-II-B-2-e.  An autoclave shall be available for decontamination of laboratory wastes.  
 
Appendix Q-II-B-2-f.  If arthropods are used in the experiment or the agent under study can be transmitted by 
an arthropod, interior work areas shall be appropriately screened (52 mesh).  All perimeter joints and openings 
shall be sealed and additional arthropod control mechanisms used to minimize arthropod entry and propagation, 
including appropriate screening of access doors or the equivalent. 
 
Appendix Q-II-C. Biosafety Level 3 - Animals (BL3-N) (See Appendix Q-III-B, Footnotes and References 
for Appendix Q) 
 
Appendix Q-II-C-1. Standard Practices (BL3-N) 
 
Appendix Q-II-C-1-a. Animal Facility Access (BL3-N) 
 
Appendix Q-II-C-1-a-(1).  The containment area shall be locked. 
 
Appendix Q-II-C-1-a-(2).  The containment area shall be patrolled or monitored at frequent intervals. 
 
Appendix Q-II-C-1-a-(3).  The containment building shall be controlled and have a locking access. 
 
Appendix Q-II-C-1-a-(4).  The Animal Facility Director shall establish policies and procedures whereby only 
persons who have been advised of the potential hazard and who meet any specific entry requirements (e.g., 
vaccination) shall enter the laboratory or animal rooms. 
 
Appendix Q-II-C-1-a-(5).  Animal room doors, gates, or other closures shall be kept closed when experiments 
are in progress. 
 
Appendix Q-II-C-1-b. Decontamination and Inactivation (BL3-N) 
 
Appendix Q-II-C-1-b-(1).  The work surfaces of containment equipment shall be decontaminated when work 
with organisms containing recombinant or synthetic nucleic acid molecules is finished.  Where feasible, plastic-
backed paper toweling shall be used on nonporous work surfaces to facilitate clean-up. 
 
Appendix Q-II-C-1-b-(2).  All animals shall be euthanized at the end of their experimental usefulness and the 
carcasses decontaminated before disposal in an approved manner. 
 
Appendix Q-II-C-1-b-(3).  Needles and syringes shall be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 
 
Appendix Q-II-C-1-b-(4).  Special safety testing, decontamination procedures, and Institutional Biosafety 
Committee approval shall be required to transfer agents or tissue/organ specimens from a BL3-N animal facility 
to a facility with a lower containment classification. 
 
Appendix Q-II-C-1-b-(5).  Liquid effluent from containment equipment, sinks, biological safety cabinets, animal 
rooms, primary barriers, floor drains, and sterilizers shall be decontaminated by heat treatment before being 
released into the sanitary system.  The procedure used for heat decontamination of liquid wastes shall be 
monitored with a recording thermometer.  The effectiveness of the heat decontamination process system shall 
be revalidated at minimum on a yearly basis with an indicator organism.  More frequent validation, based on the 
amount of use or other safety factors, shall be left to the discretion of the IBC. 
 
Appendix Q-II-C-1-c. Signs (BL3-N) 
 
Appendix Q-II-C-1-c-(1).  When the animal research requires special provisions for entry (e.g., vaccination), a 
warning sign incorporating the universal biosafety symbol shall be posted on all access doors to the animal work 
area.  The sign shall indicate:  (i) the agent, (ii) the animal species, (iii) the name and telephone number of the 
Animal Facility Director or other responsible individual, and (iv) any special requirements for entering the 
laboratory. 
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Appendix Q-II-C-1-d. Protective Clothing (BL3-N) 

Appendix Q-II-C-1-d-(1).  Full protective clothing that protects the individual (e.g., scrub suits, coveralls, 
uniforms) shall be worn in the animal area.  Clothing shall not be worn outside the animal containment area and 
shall be decontaminated before laundering or disposal.  Personnel shall be required to shower before exiting the 
BL3-N area and wearing of personal clothing. 

Appendix Q-II-C-1-d-(2).  Special care shall be taken to avoid skin contamination with microorganisms 
containing recombinant or synthetic nucleic acid molecules.  Impervious and/or protective gloves shall be worn 
when handling experimental animals and when skin contact with an infectious agent is unavoidable. 

Appendix Q-II-C-1-d-(3).  Appropriate respiratory protection shall be worn in rooms containing experimental 
animals. 

Appendix Q-II-C-1-e. Records (BL3-N) 

Appendix Q-II-C-1-e-(1).  Documents regarding experimental animal use and disposal shall be maintained in a 
permanent record book. 

Appendix Q-II-C-1-e-(2).  Any incident involving spills and accidents that result in environmental release or 
exposure of animals or laboratory workers to organisms containing recombinant or synthetic nucleic acid 
molecules shall be reported immediately to the Biological Safety Office, Animal Facility Director, Institutional 
Biosafety Committee, NIH OSP, and other appropriate authorities (if applicable).  Reports to the NIH OSP shall 
be sent to the Office of Science Policy, National Institutes of Health, preferably by e-mail to:  
NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Medical evaluation, surveillance, and treatment shall be provided as appropriate and 
written records maintained.  If necessary, the area shall be appropriately decontaminated. 

Appendix Q-II-C-1-e-(3).  When appropriate and giving consideration to the agent handled, baseline serum 
samples shall be collected and stored for animal care and other at-risk personnel.  Additional serum specimens 
may be collected periodically depending on the agent handled or the function of the facility. 

Appendix Q-II-C-1-f. Transfer of Materials (BL3-N) 

Appendix Q-II-C-1-f-(1).  Biological materials removed from the animal containment laboratory in a viable or 
intact state shall be transferred to a non-breakable sealed primary container and then enclosed in a non-
breakable sealed secondary container.  All containers, primary and secondary, shall be disinfected before 
removal from the animal facility.  Advance approval for transfer of material shall be obtained from the Animal 
Facility Director.  Packages containing viable agents may be opened only in a facility having an equivalent or 
higher level of physical containment unless the agent is biologically inactivated or incapable of reproduction. 

Appendix Q-II-C-1-f-(2).  Special safety testing, decontamination procedures, and Institutional Biosafety 
Committee approval shall be required to transfer agents or tissue/organ specimens from a BL3-N animal facility 
to a facility with a lower containment classification. 

Appendix Q-II-C-1-g. Other (BL3-N) 

Appendix Q-II-C-1-g-(1).  All genetically engineered neonates shall be permanently marked within 72 hours 
after birth, if their size permits.  If their size does not permit marking, their containers should be marked.  In 
addition, transgenic animals should contain distinct and biochemically assayable DNA sequences that allow 
identification of transgenic animals from among non-transgenic animals. 

Appendix Q-II-C-1-g-(2).  Appropriate steps should be taken to prevent horizontal transmission or exposure of 
laboratory personnel.  If the agent used as the vector is known to be transmitted by a particular route (e.g., 
arthropods), special attention should be given to preventing spread by that route.  In the absence of specific 
knowledge of a particular route of transmission, all potential means of horizontal transmission (e.g., arthropods, 
contaminated bedding, or animal waste) should be prevented. 

Appendix Q-II-C-1-g-(3).  Eating, drinking, smoking, and applying cosmetics shall not be permitted in the work 
area. 
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Appendix Q-II-C-1-g-(4).  Individuals who handle materials and animals containing recombinant or synthetic 
nucleic acid molecules shall be required to wash their hands before exiting the containment area. 
 
Appendix Q-II-C-1-g-(5).  Experiments involving other organisms that require containment levels lower than 
BL3-N may be conducted in the same area concurrently with experiments requiring BL3-N containment provided 
that they are conducted in accordance with BL3-N practices. 
 
Appendix Q-II-C-1-g-(6).  Animal holding areas shall be cleaned at least once a day and decontaminated 
immediately following any spill of viable materials. 
 
Appendix Q-II-C-1-g-(7).  All procedures shall be performed carefully to minimize the creation of aerosols. 
 
Appendix Q-II-C-1-g-(8).  A double barrier shall be provided to separate male and female animals unless 
reproductive studies are part of the experiment or other measures are taken to avoid reproductive transmission.  
Reproductive incapacitation may be used. 
 
Appendix Q-II-C-1-g-(9).  The containment area shall be in accordance with state and Federal laws and animal 
care requirements. 
 
Appendix Q-II-C-1-g-(10).  All animals shall be euthanized at the end of their experimental usefulness and the 
carcasses decontaminated before disposal in an approved manner. 
 
Appendix Q-II-C-1-g-(11).  Personnel shall be required to shower before exiting the BL3-N area and wearing 
personal clothing. 
 
Appendix Q-II-C-1-g-(12).  Animals of the same or different species, which are not involved in the work being 
performed, shall not be permitted in the animal area. 
 
Appendix Q-II-C-1-g-(13).  Needles and syringes shall be used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle-locking syringes or disposable syringe-
needle units (i.e., needle is integral to the syringe) shall be used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Extreme caution shall be used when 
handling needles and syringes to avoid autoinoculation and the generation of aerosols during use and disposal.  
Following use, needles shall not be bent, sheared, replaced in the needle sheath or guard or removed from the 
syringe.  The needles and syringes shall be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 
 
Appendix Q-II-C-1-g-(14).  A biosafety manual shall be prepared or adopted.  Personnel shall be advised of 
special hazards and required to read and follow instructions on practices and procedures. 
 
Appendix Q-II-C-2. Animal Facilities (BL3-N) 
 
Appendix Q-II-C-2-a.  Animals shall be contained within an enclosed structure (animal room or equivalent) to 
minimize the possibility of theft or unintentional release and avoid arthropod access.  The special provision to 
avoid the entry or escape of arthropods from the animal areas may be waived if the agent in use is not known to 
be transmitted by arthropods. 
 
Appendix Q-II-C-2-b.  The interior walls, floors, and ceilings shall be impervious to water and resistant to acids, 
alkalis, organic solvents, and moderate heat, to facilitate cleaning.  Penetrations in these structures and 
surfaces (e.g., plumbing and utilities) shall be sealed. 
 
Appendix Q-II-C-2-c.  Windows in the animal facility shall be closed, sealed, and breakage resistant (e.g., 
double-pane tempered glass or equivalent).  The need to maintain negative pressure should be considered 
when constructing or renovating the animal facility. 
 
Appendix Q-II-C-2-d.  An autoclave, incinerator, or other effective means to decontaminate animals and waste 
shall be available, preferably within the containment area.  If feasible, a double-door autoclave is preferred and 
should be positioned to allow removal of material from the containment area. 
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Appendix Q-II-C-2-e.  If arthropods are used in the experiment or the agent under study can be transmitted by 
an arthropod, the interior work area shall be appropriately screened (52 mesh).  All perimeter joints and 
openings shall be sealed, and additional arthropod control mechanisms used to minimize arthropod entry and 
propagation, including appropriate screening, or the equivalent of access doors. 
 
Appendix Q-II-C-2-f.  Access doors to the containment area shall be self-closing. 
 
Appendix Q-II-C-2-g.  The animal area shall be separated from all other areas.  Passage through two sets of 
doors shall be the basic requirement for entry into the animal area from access corridors or other contiguous 
areas.  The animal containment area shall be physically separated from access corridors and other laboratories 
or areas by a double-door clothes change room, equipped with integral showers and airlock. 
 
Appendix Q-II-C-2-h.  Liquid effluent from containment equipment, sinks, biological safety cabinets, animal 
rooms, primary barriers, floor drains, and sterilizers shall be decontaminated by heat treatment before being 
released into the sanitary system.  The procedure used for heat decontamination of liquid wastes shall be 
monitored with a recording thermometer.  The effectiveness of the heat decontamination process system shall 
be revalidated at minimum on a yearly basis with an indicator organism.  More frequent validation, based on the 
amount of use or other safety factors, shall be left to the discretion of the IBC. 
 
Appendix Q-II-C-2-i.  An exhaust air ventilation system shall be provided.  This system shall create directional 
airflow that draws air into the animal room through the entry area.  The building exhaust, or the exhaust from 
primary containment units, may be used for this purpose if the exhaust air is discharged to the outside and shall 
be dispersed away from occupied areas and air intakes.  Personnel shall verify that the direction of the airflow 
(into the animal room) is proper. 
 
Appendix Q-II-C-2-j.  If the agent is transmitted by aerosol, then the exhaust air shall pass through a high 
efficiency particulate air/HEPA filter. 
 
Appendix Q-II-C-2-k.  Vacuum lines shall be protected with high efficiency particulate air/HEPA filters and liquid 
disinfectant traps. 
 
Appendix Q-II-C-2-l.  In lieu of open housing in the special animal room, animals held in a BL3-N area may be 
housed in partial-containment caging systems (e.g., Horsfall units or gnotobiotic systems, or other special 
containment primary barriers).  Prudent judgment must be exercised to implement this ventilation system (e.g., 
animal species) and its discharge location. 
 
Appendix Q-II-C-2-m.  Each animal area shall contain a foot, elbow, or automatically operated sink for hand 
washing.  The sink shall be located near the exit door. 
 
Appendix Q-II-C-2-n.  Restraining devices for animals may be required to avoid damage to the integrity of the 
animal containment facility. 
 
Appendix Q-II-D. Biosafety Level 4 - Animals (BL4-N) (See Appendix Q-III-C, Footnotes and References 
for Appendix Q) 
 
Appendix Q-II-D-1. Standard Practices (BL4-N) 
 
Appendix Q-II-D-1-a. Animal Facility Access (BL4-N) 
 
Appendix Q-II-D-1-a-(1).  Individuals under 16 years of age shall not be permitted to enter the animal area. 
 
Appendix Q-II-D-1-a-(2).  The containment area shall be locked. 
 
Appendix Q-II-D-1-a-(3).  The containment area shall be patrolled or monitored at frequent intervals. 
 
Appendix Q-II-D-1-a-(4).  The containment building shall be controlled and have a locking access. 
 
Appendix Q-II-D-1-a-(5).  The Animal Facility Director shall establish policies and procedures whereby only 
persons who have been advised of the potential hazard and who meet any specific entry requirements (e.g., 
vaccination) may enter the laboratory or animal room. 
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Appendix Q-II-D-1-a-(6).  Individuals shall enter and exit the animal facility only through the clothing change 
and shower rooms. 
 
Appendix Q-II-D-1-a-(7).  Personnel shall use the airlocks to enter or exit the laboratory only in an emergency. 
 
Appendix Q-II-D-1-a-(8).  Animal room doors, gates, and other closures shall be kept closed when experiments 
are in progress. 
 
Appendix Q-II-D-1-b. Decontamination and Inactivation (BL4-N) 
 
Appendix Q-II-D-1-b-(1).  All contaminated liquid or solid wastes shall be decontaminated before disposal. 
 
Appendix Q-II-D-1-b-(2).  The work surfaces and containment equipment shall be decontaminated when work 
with organisms containing recombinant or synthetic nucleic acid molecules is finished.  Where feasible, plastic-
backed paper toweling shall be used on nonporous work surfaces to facilitate clean-up. 
 
Appendix Q-II-D-1-b-(3).  All wastes from animal rooms and laboratories shall be appropriately decontaminated 
before disposal in an approved manner. 
 
Appendix Q-II-D-1-b-(4).  No materials, except for biological materials that are to remain in a viable or intact 
state, shall be removed from the maximum containment laboratory unless they have been autoclaved or 
decontaminated.  Equipment or material that might be damaged by high temperatures or steam shall be 
decontaminated by gaseous or vapor methods in an airlock or chamber designed for this purpose. 
 
Appendix Q-II-D-1-b-(5).  When ventilated suits are required, the animal personnel shower entrance/exit area 
shall be equipped with a chemical disinfectant shower to decontaminate the surface of the suit before exiting the 
area.  A neutralization or water dilution device shall be integral with the chemical disinfectant discharge piping 
before entering the heat sterilization system.  Entry to this area shall be through an airlock fitted with airtight 
doors. 
 
Appendix Q-II-D-1-b-(6).  Needles and syringes shall be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 
 
Appendix Q-II-D-1-b-(7).  Supplies and materials needed in the animal facility shall be brought in by way of the 
double-door autoclave, fumigation chamber, or airlock that shall be appropriately decontaminated between each 
use. 
 
Appendix Q-II-D-1-b-(8).  An autoclave, incinerator, or other effective means to decontaminate animals and 
wastes shall be available, preferably within the containment area.  If feasible, a double-door autoclave is 
preferred and should be positioned to allow removal of material from the containment area. 
 
Appendix Q-II-D-1-b-(9).  Liquid effluent from containment equipment, sinks, biological safety cabinets, animal 
rooms, primary barriers, floor drains, and sterilizers shall be decontaminated by heat treatment before being 
released into the sanitary system.  If required by design, regulation, local ordinance or policy, liquid wastes from 
shower rooms and toilets shall be decontaminated with chemical disinfectants or heat by methods demonstrated 
to be effective.  The procedure used for heat decontamination of liquid wastes shall be monitored with a 
recording thermometer.  The effectiveness of the heat decontamination process system shall be revalidated at 
minimum on a yearly basis with an indicator organism.  More frequent validation, based on the amount of use or 
other safety factors, shall be left to the discretion of the IBC.  If required by design, regulation, local ordinance or 
policy, liquid wastes from the shower shall be chemically decontaminated using an Environmental Protection 
Agency-approved germicide.  The efficacy of the chemical treatment process shall be validated with an indicator 
organism.  Chemical disinfectants shall be neutralized or diluted before release into general effluent waste 
systems. 
 
Appendix Q-II-D-1-c. Signs (BL4-N) 
 
Appendix Q-II-D-1-c-(1).  When the animal research requires special provisions for entry (e.g., vaccination), a 
warning sign incorporating the universal biosafety symbol shall be posted on all access doors to the animal work 
area.  The sign shall indicate:  (i) the agent, (ii) the animal species, (iii) the name and telephone number of the 
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Animal Facility Director, or other responsible individual, and (iv) any special requirements for entering the 
laboratory. 

Appendix Q-II-D-1-d. Protective Clothing (BL4-N) 

Appendix Q-II-D-1-d-(1).  Individuals shall enter and exit the animal facility only through the clothing change 
and shower rooms.  Street clothing shall be removed and kept in the outer clothing change room.  Complete 
laboratory clothing (may be disposable), including undergarments, pants, shirts, jump suits, and shoes shall be 
provided for all personnel entering the animal facility.  When exiting the BL4-N area and before proceeding into 
the shower area, personnel shall remove their laboratory clothing in the inner change room.  All laboratory 
clothing shall be autoclaved before laundering.  Personnel shall shower each time they exit the animal facility. 

Appendix Q-II-D-1-d-(2).  A ventilated head-hood or a one-piece positive pressure suit, which is ventilated by a 
life-support system, shall be worn by all personnel entering rooms that contain experimental animals when 
appropriate.  When ventilated suits are required, the animal personnel shower entrance/exit area shall be 
equipped with a chemical disinfectant shower to decontaminate the surface of the suit before exiting the area.  A 
neutralization or water dilution device shall be integral with the chemical disinfectant discharge piping before 
entering the heat sterilization system.  Entry to this area shall be through an airlock fitted with airtight doors. 

Appendix Q-II-D-1-d-(3).  Appropriate respiratory protection shall be worn in rooms containing experimental 
animals. 

Appendix Q-II-D-1-e. Records (BL4-N) 

Appendix Q-II-D-1-e-(1).  Documents regarding experimental animal use and disposal shall be maintained in a 
permanent record book. 

Appendix Q-II-D-1-e-(2).  A system shall be established for:  (i) reporting laboratory accidents and exposures 
that are a result of overt exposures to organisms containing recombinant or synthetic nucleic acid molecules, (ii) 
employee absenteeism, and (iii) medical surveillance of potential laboratory-associated illnesses.  Permanent 
records shall be prepared and maintained.  Any incident involving spills and accidents that results in 
environmental release or exposures of animals or laboratory workers to organisms containing recombinant or 
synthetic nucleic acid molecules shall be reported immediately to the Biological Safety Officer, Animal Facility 
Director, Institutional Biosafety Committee, NIH OSP, and other appropriate authorities (if applicable).  Reports 
to the NIH OSP shall be sent to the Office of Science Policy, National Institutes of Health, preferably by e-mail 
to:  NIHGuidelines@od.nih.gov; additional contact information is also available here and on the OSP website 
(www.osp.od.nih.gov).  Medical evaluation, surveillance, and treatment shall be provided as appropriate and 
written records maintained.  If necessary, the area shall be appropriately decontaminated. 

Appendix Q-II-D-1-e-(3).  When appropriate and giving consideration to the agents handled, baseline serum 
samples shall be collected and stored for animal care and other at-risk personnel.  Additional serum specimens 
may be collected periodically depending on the agents handled or the function of the facility. 

Appendix Q-II-D-1-e-(4).  A permanent record book indicating the date and time of each entry and exit shall be 
signed by all personnel. 

Appendix Q-II-D-1-f. Transfer of Materials (BL4-N) 

Appendix Q-II-D-1-f-(1).  No materials, except for biological materials that are to remain in a viable or intact 
state, shall be removed from the maximum containment laboratory unless they have been autoclaved or 
decontaminated.  Equipment or material that might be damaged by high temperatures or steam shall be 
decontaminated by gaseous or vapor methods in an airlock or chamber designed for this purpose. 

Appendix Q-II-D-1-f-(2).  Biological materials removed from the animal maximum containment laboratory in a 
viable or intact state shall be transferred to a non-breakable sealed primary container and then enclosed in a 
non-breakable sealed secondary container that shall be removed from the animal facility through a disinfectant 
dunk tank, fumigation chamber, or an airlock designed for this purpose.  Advance approval for transfer of 
material shall be obtained from the Animal Facility Director.  Such packages containing viable agents can only 
be opened in another BL4-N animal facility if the agent is biologically inactivated or incapable of reproduction.  
Special safety testing, decontamination procedures, and Institutional Biosafety Committee approval shall be 
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required to transfer agents or tissue/organ specimens from a BL4-N animal facility to one with a lower 
containment classification. 
 
Appendix Q-II-D-1-f-(3).  Supplies and materials needed in the animal facility shall be brought in by way of the 
double-door autoclave, fumigation chamber, or airlock that shall be appropriately decontaminated between each 
use.  After securing the outer doors, personnel within the animal facility retrieve the materials by opening the 
interior doors of the autoclave, fumigation chamber, or airlock.  These doors shall be secured after materials are 
brought into the animal facility. 
 
Appendix Q-II-D-1-g. Other (BL4-N) 
 
Appendix Q-II-D-1-g-(1).  All genetically engineered neonates shall be permanently marked within 72 hours 
after birth, if their size permits.  If their size does not permit marking, their containers should be marked.  In 
addition, transgenic animals should contain distinct and biochemically assayable DNA sequences that allow 
identification of transgenic animals from among non-transgenic animals. 
 
Appendix Q-II-D-1-g-(2).  Eating, drinking, smoking, and applying cosmetics shall not be permitted in the work 
area. 
 
Appendix Q-II-D-1-g-(3).  Individuals who handle materials and animals containing recombinant or synthetic 
nucleic acid molecules shall be required to wash their hands before exiting the containment area. 
 
Appendix Q-II-D-1-g-(4).  Experiments involving other organisms that require containment levels lower than 
BL4-N may be conducted in the same area concurrently with experiments requiring BL4-N containment provided 
that they are conducted in accordance with BL4-N practices. 
 
Appendix Q-II-D-1-g-(5).  Animal holding areas shall be cleaned at least once a day and decontaminated 
immediately following any spill of viable materials. 
 
Appendix Q-II-D-1-g-(6).  All procedures shall be performed carefully to minimize the creation of aerosols. 
 
Appendix Q-II-D-1-g-(7).  A double barrier shall be provided to separate male and female animals.  Animal 
isolation barriers shall be sturdy and accessible for cleaning.  Reproductive incapacitation may be used. 
 
Appendix Q-II-D-1-g-(8).  The containment area shall be in accordance with state and Federal laws and animal 
care requirements. 
 
Appendix Q-II-D-1-g-(9).  The life support system for the ventilated suit or head hood is equipped with alarms 
and emergency back-up air tanks.  The exhaust air from the suit area shall be filtered by two sets of high 
efficiency particulate air/HEPA filters installed in series or incinerated.  A duplicate filtration unit, exhaust fan, 
and an automatically starting emergency power source shall be provided.  The air pressure within the suit shall 
be greater than that of any adjacent area.  Emergency lighting and communication systems shall be provided.  A 
double-door autoclave shall be provided for decontamination of waste materials to be removed from the suit 
area. 
 
Appendix Q-II-D-1-g-(10).  Needles and syringes shall be used only for parenteral injection and aspiration of 
fluids from laboratory animals and diaphragm bottles.  Only needle-locking syringes or disposable syringe-
needle units (i.e., needle is integral to the syringe) shall be used for the injection or aspiration of fluids containing 
organisms that contain recombinant or synthetic nucleic acid molecules.  Extreme caution shall be used when 
handling needles and syringes to avoid autoinoculation and the generation of aerosols during use and disposal.  
Following use, needles shall not be bent, sheared, replaced in the needle sheath or guard, or removed from the 
syringe.  The needles and syringes shall be promptly placed in a puncture-resistant container and 
decontaminated, preferably by autoclaving, before discard or reuse. 
 
Appendix Q-II-D-1-g-(11).  An essential adjunct to the reporting-surveillance system is the availability of a 
facility for quarantine, isolation, and medical care of personnel with potential or known laboratory-associated 
illnesses. 
 
Appendix Q-II-D-1-g-(12).  A biosafety manual shall be prepared or adopted.  Personnel shall be advised of 
special hazards and required to read and follow instructions on practices and procedures. 
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Appendix Q-II-D-1-g-(13).  Vacuum lines shall be protected with high efficiency particulate air/HEPA filters and 
liquid disinfectant traps. 
 
Appendix Q-II-D-2. Animal Facilities (BL4-N) 
 
Appendix Q-II-D-2-a.  Animals shall be contained within an enclosed structure (animal room or equivalent) to 
minimize the possibility of theft or unintentional release and avoid arthropod access. 
 
Appendix Q-II-D-2-b.   The interior walls, floors, and ceilings shall be impervious to water and resistant to acids, 
alkalis, organic solvents, and moderate heat, to facilitate cleaning.  Penetrations in these structures and 
surfaces (e.g., plumbing and utilities) shall be sealed. 
 
Appendix Q-II-D-2-c.  Windows in the animal facility shall be closed, sealed, and breakage resistant (e.g., 
double-pane tempered glass or equivalent). 
 
Appendix Q-II-D-2-d.  An autoclave, incinerator, or other effective means to decontaminate animals and wastes 
shall be available, preferably within the containment area.  If feasible, a double-door autoclave is preferred and 
should be positioned to allow removal of material from the containment area. 
 
Appendix Q-II-D-2-e.  Access doors to the containment area shall be self-closing. 
 
Appendix Q-II-D-2-f.  All perimeter joints and openings shall be sealed to form an arthropod-proof structure. 
 
Appendix Q-II-D-2-g.  The BL4-N laboratory provides a double barrier to prevent the release of recombinant or 
synthetic nucleic acid molecule containing microorganisms into the environment.  Design of the animal facility 
shall be such that if the barrier of the inner facility is breached, the outer barrier will prevent release into the 
environment.  The animal area shall be separated from all other areas.  Passage through two sets of doors shall 
be the basic requirement for entry into the animal area from access corridors or other contiguous areas.  
Physical separation of the animal containment area from access corridors or other laboratories or activities shall 
be provided by a double-door clothes change room equipped with integral showers and airlock. 
 
Appendix Q-II-D-2-h.  A necropsy room shall be provided within the BL4-N containment area. 
 
Appendix Q-II-D-2-i.  Liquid effluent from containment equipment, sinks, biological safety cabinets, animal 
rooms, primary barriers, floor drains, and sterilizers shall be decontaminated by heat treatment before being 
released into the sanitary system.  If required by design, regulation, local ordinance or policy, liquid wastes from 
shower rooms and toilets shall be decontaminated with chemical disinfectants or heat by methods demonstrated 
to be effective.  The procedure used for heat decontamination of liquid wastes shall be monitored with a 
recording thermometer.  The effectiveness of the heat decontamination process system shall be revalidated at 
minimum on a yearly basis with an indicator organism.  More frequent validation, based on the amount of use or 
other safety factors, shall be left to the discretion of the IBC.  If required by design, regulation, local ordinance or 
policy, liquid wastes from the shower shall be chemically decontaminated using an Environmental Protection 
Agency-approved germicide.  The efficacy of the chemical treatment process shall be validated with an indicator 
organism.  Chemical disinfectants shall be neutralized or diluted before release into general effluent waste 
systems. 
 
Appendix Q-II-D-2-j.  A ducted exhaust air ventilation system shall be provided that creates directional airflow 
that draws air into the laboratory through the entry area.  The exhaust air, which is not recirculated to any other 
area of the building, shall be discharged to the outside and dispersed away from the occupied areas and air 
intakes.  Personnel shall verify that the direction of the airflow (into the animal room) is proper. 
 
Appendix Q-II-D-2-k.  Exhaust air from BL4-N containment area shall be double high efficiency particulate 
air/HEPA filtered or treated by passing through a certified HEPA filter and an air incinerator before release to the 
atmosphere.  Double HEPA filters shall be required for the supply air system in a BL4-N containment area. 
 
Appendix Q-II-D-2-l.  All high efficiency particulate air/HEPA filters' frames and housings shall be certified to 
have no detectable smoke [dioctyl phthalate] leaks when the exit face (direction of flow) of the filter is scanned 
above 0.01 percent when measured by a linear or logarithmic photometer.  The instrument must demonstrate a 
threshold sensitivity of at least 1x10-3 micrograms per liter for 0.3 micrometer diameter dioctyl phthalate particles 
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and a challenge concentration of 80-120 micrograms per liter.  The air sampling rate should be at least 1 cfm 
(28.3 liters per minute). 

Appendix Q-II-D-2-m.  If an air incinerator is used in lieu of the second high efficiency particulate air/HEPA 
filter, it shall be biologically challenged to prove all viable test agents are sterilized.  The biological challenge 
must be minimally 1x108 organisms per cubic foot of airflow through the incinerator.  It is universally accepted if 
bacterial spores are used to challenge and verify that the equipment is capable of killing spores, then assurance 
is provided that all other known agents are inactivated by the parameters established to operate the equipment.  
Test spores meeting this criterion are Bacillus subtilis var. niger or Bacillus stearothermophilus.  The operating 
temperature of the incinerator shall be continuously monitored and recorded during use. 

Appendix Q-II-D-2-n.  All equipment and floor drains shall be equipped with deep traps (minimally 5 inches). 
Floor drains shall be fitted with isolation plugs or fitted with automatic water fill devices. 

Appendix Q-II-D-2-o.  Each animal area shall contain a foot, elbow, or automatically operated sink for hand 
washing.  The sink shall be located near the exit door. 

Appendix Q-II-D-2-p.  Restraining devices for animals may be required to avoid damage to the integrity of the 
containment animal facility. 

Appendix Q-II-D-2-q.  The supply water distribution system shall be fitted with a back-flow preventer or break 
tank. 

Appendix Q-II-D-2-r.  All utilities, liquid and gas services, shall be protected with devices that avoid back-flow. 

Appendix Q-II-D-2-s.  Sewer and other atmospheric ventilation lines shall be equipped minimally with a single 
high efficiency particulate/HEPA filter.  Condensate drains from these type housings shall be appropriately 
connected to a contaminated or sanitary drain system.  The drain position in the housing dictates the 
appropriate system to be used. 

Appendix Q-III. Footnotes and References for Appendix Q 

Appendix Q-III-A.  If a recombinant or synthetic nucleic acid molecule is derived from a Class 2 organism 
requiring BL2 containment, personnel shall be required to have specific training in handling pathogenic agents 
and directed by knowledgeable scientists. 

Appendix Q-III-B.  Personnel who handle pathogenic and potentially lethal agents shall be required to have 
specific training and be supervised by knowledgeable scientists who are experienced in working with these 
agents.  BL3-N containment also minimizes escape of recombinant or synthetic nucleic acid molecule-
containing organisms from exhaust air or waste material from the containment area. 

Appendix Q-III-C.  Risk Group 4 and restricted microorganisms (see Appendix B, Classification of Human 
Etiologic Agents on the Basis of Hazard, and Sections V-G and V-L, Footnotes and References of Sections I 
through IV) pose a high level of individual risk for acquiring life-threatening diseases to personnel and/or 
animals.  To import animal or plant pathogens, special approval must be obtained from U.S. Department of 
Agriculture, Animal and Plant Health Inspection Service (APHIS), Veterinary Services, National Center for 
Import-Export, Products Program, 4700 River Road, Unit 40, Riverdale, MD 20737.  Phone:  (301) 734-8499; 
Fax:  (301) 734-8226. 

Laboratory staff shall be required to have specific and thorough training in handling extremely hazardous 
infectious agents, primary and secondary containment, standard and special practices, and laboratory design 
characteristics.  The laboratory staff shall be supervised by knowledgeable scientists who are trained and 
experienced in working with these agents and in the special containment facilities. 

Within work areas of the animal facility, all activities shall be confined to the specially equipped animal rooms or 
support areas.  The maximum animal containment area and support areas shall have special engineering and 
design features to prevent the dissemination of microorganisms into the environment via exhaust air or waste 
disposal. 
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Appendix Q-III-D.  Other research with non-laboratory animals, which may not appropriately be conducted 
under conditions described in Appendix Q, may be conducted safely by applying practices routinely used for 
controlled culture of these biota.  In aquatic systems, for example, BL1 equivalent conditions could be met by 
utilizing growth tanks that provide adequate physical means to avoid the escape of the aquatic species, its 
gametes, and introduced exogenous genetic material.  A mechanism shall be provided to ensure that neither the 
organisms nor their gametes can escape into the supply or discharge system of the rearing container (e.g., tank, 
aquarium, etc.)  Acceptable barriers include appropriate filtration, irradiation, heat treatment, chemical treatment, 
etc.  Moreover, the top of the rearing container shall be covered to avoid escape of the organism and its 
gametes.  In the event of tank rupture, leakage, or overflow, the construction of the room containing these tanks 
should prevent the organisms and gametes from entering the building's drains before the organism and its 
gametes have been inactivated. 
 
Other types of non-laboratory animals (e.g., nematodes, arthropods, and certain forms of smaller animals) may 
be accommodated by using the appropriate BL1 through BL4 or BL1-P through BL4-P containment practices 
and procedures as specified in Appendices G and P. 
 
*********************************************************************************************************************** 
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ATTACHMENT I--FINAL RISK ASSESSMENT OF
SACCHAROMYCES CEREVISIAE

(February 1997)

I. INTRODUCTION

Saccharomyces  cerevisiae  has an extensive history of use in
the area of food processing.  Also known as Baker's Yeast or
Brewer's Yeast, this organism has been used for centuries as
leavening for bread and as a fermenter of alcoholic beverages. 
With a prolonged history of industrial applications, this yeast
has been either the subject of or model for various studies in
the principles of microbiology.  Jacob Henle based his theories
of disease transmission on studies of strains of Brewer's Yeast. 
Currently, S . cerevisiae  is the subject of a major international
effort to characterize a eucaryotic genome (Anderson, 1992).

History of Commercial Use and Products Subject to TSCA
Jurisdiction

Saccharomyces  cerevisiae , in addition to its use in food
processing, is widely used for the production of macromolecular
cellular components such as lipids, proteins including enzymes,
and vitamins (Bigelis, 1985; Stewart and Russell, 1985).  

The Food and Drug Administration rates Brewer's Yeast
extract as Generally Recognized as Safe (FDA, 1986). Furthermore,
the National Institutes of Health in its Guidelines for Research
Involving Recombinant DNA Molecules (DHHS, 1986) considers S .
cerevisiae  a safe organism.  Most experiments involving S .
cerevisiae  have been exempted from the NIH Guidelines based on an
analysis of safety (see Appendix C-II of the NIH Guidelines). 
While alcoholic beverages, vitamins, and bread leavening are
covered under the Federal Food, Drug and Cosmetic Act, the
production of enzymes and other macromolecules may be subject to
TSCA regulation.  The abundance of information on S . cerevisiae ,
derived from its role in industry, has positioned it as a primary
model for genetic studies and, by extension, as a strong
candidate for genetic manipulation for TSCA applications
(Dynamac, 1990).  

II. IDENTIFICATION AND CLASSIFICATION

A. Taxonomy and Characterization
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Saccharomyces  cerevisiae  is a yeast.  The organism can exist
either as a single-celled organism or as pseudomycelia.  The
cells reproduce by multilateral budding.  It produces from one to
four ellipsoidal, smooth-walled ascospores.  S . cerevisiae  can be
differentiated from other yeasts based on growth characteristics
and physiological traits:  principally the ability to ferment
individual sugars.  Clinical identification of yeast is conducted
using commercially available diagnostic kits which classify the
organism through analysis of the ability of the yeast to utilize
distinct carbohydrates as sole sources of carbon (Buesching et
al., 1979; Rosini et al., 1982).  More recently, developments in
systematics have led to the design of sophisticated techniques
for classification, including gas-liquid chromatography of lysed
whole cells (Brondz and Olsen, 1979).

As a result of the application of newer techniques arising
from innovative approaches, the taxonomy of Saccharomyces  is
subject to greater scrutiny.  The initial classification was
based principally on morphological characteristics with specific
physiological and biochemical traits used to differentiate
between isolates with similar morphological traits.  Using these
criteria, there are as many as 18 species listed in the
literature.  In addition, what had been classified as one large
heterogeneous species, S . cerevisiae , may, in the future, be
divided into four distinct species based on DNA homology studies. 
The four species are S . cerevisiae , S . bayanus  (also known as S .
uvarum ), S . pasteurianus  (also known as S . carlsbergensis ), and
S. paradoxus .  All four represent industrially important species.
None of these organisms or other closely related species has been
associated with pathogenicity toward humans or has been shown to
have adverse effects on the environment.

Any assessment of Saccharomyces  must take into consideration
the malleability of the current classification.  For this
assessment of S . cerevisiae  the reviews of the organism are based
on the classification proposed by Van der Walt (1971). 

B. Related Species of Concern

None of the above strains or other closely related species
has been associated with pathogenicity toward humans or has been
shown to have adverse effects on the environment.  

III. HAZARD ASSESSMENT

A. Human Health Hazards

1. Colonization and Pathogenicity

S. cerevisiae  is a commonly used industrial microorganism
and is ubiquitous in nature, being present on fruits and
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vegetables.  Industrial workers and the general public come into
contact with S . cerevisiae  on a daily basis through both
inhalation and ingestion (see section IV).  Saccharomyces  spp.
are frequently recovered from the stools and throats of normally
healthy individuals.  This indicates that humans are in constant
contact with these yeasts.   

There are individuals who may ingest large quantities of S .
cerevisiae  every day, for example, people who take the yeast as
part of a "health food" regimen.  Therefore, studies were
conducted to ascertain whether the ingestion of large numbers of
these yeasts might result in either colonization, or colonization
and secondary spread to other organs of the body.  It was found
that the installation of very large numbers of S . cerevisiae  into
the colons of animals would result in both colonization and
passage of the yeasts to draining lymph nodes.  It required up to
10  S . cerevisiae  in a single oral treatment to rats to achieve10

a detectable passage from the intestine to the lymph nodes
(Wolochow et al., 1961).  The concentrations of S . cerevisiae
required were well beyond those that would be encountered through
normal human daily exposure.

S. cerevisiae  is not considered a pathogenic microorganism,
but has been reported rarely as a cause of opportunistic
infections.  Eng et al. (1984) described five cases of such
infections and reviewed the literature on eight other S .
cerevisiae  infections (also briefly reviewed by Walsh and Pizzo,
1988).  All of the patients in the cases had underlying disease. 
Some of them had also received antibiotic therapy, thereby
suppressing normal bacterial flora and allowing mycotic organisms
to become established.  

A low concern for the pathogenicity of S . cerevisiae  is also
illustrated by a series of surveys conducted at hospitals over
the last several years.  S . cerevisiae  accounted for less than 1%
of all yeast infections isolated at a cancer hospital and in most
of the cases the organism was isolated from the respiratory
system (Kiehn et al., 1980).  At Yale-New Haven Hospital over the
past five years, there have been 50 isolates of S . cerevisiae
recovered from patients; however, most of the isolates were
considered contaminants (Dynamac, 1991). 

2. Toxin Production

There have been no reports of isolates of S . cerevisiae  that
produce toxins against either humans or animals.  However, S .
cerevisiae  has been shown to produce toxins against other yeasts. 
These toxins, termed "killer toxins", are proteins or
glycoproteins produced by a range of yeasts.  The yeasts have
been genetically modified to alter activity and are used in
industrial settings as a means of controlling contamination of
fermentation systems by other yeasts (Sid et al., 1988). 
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3.   Measure of the Degree of Virulence

A number of individual virulence factors have been
identified as being associated with the ability of yeasts to
cause disease.  The principal virulence factors associated with
yeasts appear to be phospholipase A and lysophospholipase.  It is
believed that these enzymes enhance the ability of the yeast to
adhere to the cell-wall surface and result in colonization as a
first step in the infectious process.  Nonpathogenic yeast had
considerably lower phospholipase activities.  Of a wide range of
fungi assayed for phospholipase production, S . cerevisiae  was
found to have the lowest level of activity (Barrett-Bee et al.,
1985).  Therefore, based on the phospholipase virulence factor S .
cerevisiae  is considered a nonpathogenic yeast.   

A second factor associated with virulence in yeast is the
ability of a fungus to impair the host's immune capabilities. 
The cell walls of most fungi have the capacity to impede the
immune response of the host.  In a study to determine the overall
pathogenicity of a number of yeasts used in industrial processes,
animals exposed to both high levels of S . cerevisiae  and
cortisone demonstrated a greater ability of the fungus to
colonize compared with those animals treated with only the yeast. 
However, the animals suffered no ill-effects from exposure to S .
cerevisiae  (Holzschu et al., 1979).  Therefore, this study
suggests that even with the addition of high levels of an
immunosuppressant agent, S . cerevisiae  appears to be
nonpathogenic.

4.   Ability to Transfer Virulence Factor Genes

S. cerevisiae  does not carry virulence factors to humans or
animals.  However, the species does carry linear, double-stranded
plasmids which can be transmitted to other Saccharomyces .  These
plasmids carry genes that encode the "killer toxins" discussed
above can be transferred from one Saccharomyces  to another.  
Therefore, gene constructs involving the incorporation of traits
using these linear plasmids should be considered to be nonstable.

5.   Summary

In conclusion, S . cerevisiae  is a organism which has an
extensive history of safe use.  Despite considerable use of the
organism in research and the presence of S . cerevisiae  in food,
there are limited reports in the literature of its pathogenicity
to humans or animals, and only in those cases where the human had
a debilitating condition.  Factors associated with the virulence
of yeasts (i.e., phospholipases) indicate that this organism is
nonpathogenic.  The organism has not been shown to produce toxins
to humans.
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B. Environmental Hazards

S. cerevisiae  is ubiquitous in nature.  It has been
recovered from a variety of sites under varying ecological
conditions.  The organism is used in a variety of industrial
scenarios.  S . cerevisiae  is commonly recovered from a variety of
fresh fruits and vegetables, generally those fruits with high
levels of fermentable sugars.  However, it is not listed as the
causative agent of food spoilage for fruits and vegetables (Phaff
et al., 1966).  The only adverse effect to the environment noted
in the literature is the presence of the "killer toxins" which is
active against other strains of Saccharomyces .

IV. EXPOSURE ASSESSMENT

A. Worker Exposure

S. cerevisiae  is considered a Class 1 Containment Agent
under the National Institute of Health (NIH) Guidelines for
Recombinant DNA Molecules (U.S. Department of Health and Human
Services, 1986).  

No data were available for assessing the release and
survival specifically for fermentation facilities using S .
cerevisiae .  Therefore, the potential worker exposures and
routine releases to the environment from large-scale,
conventional fermentation processes were estimated on information
available from eight premanufacture notices submitted to EPA
under TSCA Section 5 and from published information collected
from non-engineered microorganisms (Reilly, 1991).  These values
are based on reasonable worst-case scenarios and typical ranges
or values are given for comparison.  

During fermentation processes, worker exposure is possible
during laboratory pipetting, inoculation, sampling, harvesting,
extraction, processing and decontamination procedures.  A typical
site employs less than 10 workers/shift and operates 24 hours/day
throughout the year.  NIOSH has conducted walk-through surveys of
several fermentation facilities in the enzyme industry and
monitored for microbial air contamination.  These particular
facilities were not using recombinant microorganisms, but the
processes were considered typical of fermentation process
technology.  Area samples were taken in locations where the
potential for worker exposure was considered to be potentially
greatest, i.e., near the fermentor, the seed fermentor, sampling
ports, and separation processes (either filter press or rotary
drum filter).  The workers with the highest potential average
exposures at the three facilities visited were those involved in
air sampling.  Area samples near the sampling port revealed
average airborne concentrations ranging from 350 to 648 cfu/m . 3

Typically, the Chemical Engineering Branch would not use area
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monitoring data to estimate occupational exposure levels since
the correlation between area concentrations and worker exposure
is highly uncertain.  Personal sampling data are not available at
the present time.  Thus, area sampling data have been the only
means of assessing exposures for previous PMN biotechnology
submissions.  Assuming that 20 samples per day are drawn and that
each sample takes up to 5 minutes to collect, the duration of
exposure for a single worker will be about 1.5 hours/day. 
Assuming that the concentration of microorganisms in the worker's
breathing zone is equivalent to the levels found in the area
sampling, the worst-case daily inhalation exposure is estimated
to range up to 650 to 1200 cfu/day.  The uncertainty associated
with this estimated exposure value is not known (Reilly, 1991).

B.   Environmental and General Exposure         

1.   Fate of the Organism

S. cerevisiae  is a normal inhabitant of soils and is
widespread in nature.  S . cerevisiae  is able to take up a wide
variety of sugars and amino acids.  These traits enhance the
organism's ability for long term survival.  S . cerevisiae  can be
isolated from fruits and grains and other materials with a high
concentration of carbohydrates (LaVeck, 1991).  

2.   Releases

Estimates of the number of S . cerevisiae  organisms released
during production are tabulated in Table 1 (Reilly, 1991).  The
uncontrolled/untreated scenario assumes no control features for
the fermentor off-gases, and no inactivation of the fermentation
broth for the liquid and solid waste releases.  The containment
criteria required for the full exemption scenario assume the use
of features or equipment that minimize the number of viable cells
in the fermentor off-gases.  They also assume inactivation
procedures resulting in a validated 6-log reduction of the number
of viable microorganisms in the liquid and solid wastes relative
to the maximum cell density of the fermentation broth.

YM95NC Attachment -- Page 290



7

_________________________________________________________________
TABLE 1.  Estimated Number of Viable Saccharomyces  cerevisiae

Organisms Released During Production

Uncontrolled/ Full
Release Media Untreated Exemption Release

(cfu/day) (cfu/day)    (days/year)
_________________________________________________________________

Air Vents 2x10  - 1x1011     <2x10  - 1x1011 3508 8

Rotary Drum Filter 250 250 350
Surface Water 7x10 7x10  9012 6

Soil/Landfill 7x10 7x10  9014 8

_________________________________________________________________
Source: Reilly, 1991

  These are "worst-case" estimates which assume that the maximum
cell density in the fermentation broth for fungi is 10  cfu/ml, 7

with a fermentor size of 70,000 liters, and the separation
efficiency for the rotary drum filter is 99 percent.

3. Air

Specific data which indicate the survivability of S .
cerevisiae  in the atmosphere after release are currently
unavailable.  Survival of vegetative cells during aerosolization
is typically limited due to stresses such as shear forces,
desiccation, temperature, and UV light exposure.  As with
naturally-occurring strains, human exposure may occur via
inhalation as the organisms are dispersed in the atmosphere
attached to dust particles, or lofted through mechanical or air
disturbance.

Air releases from fermentor off-gas could potentially result
in nonoccupational inhalation exposures due to point source
releases.  To estimate exposures from this source, the sector
averaging form of the Gaussian algorithm described in Turner
(1970) was used.  For purposes of this assessment, a release
height of 3 meters and downward contact at a distance of 100
meters were assumed.  Assuming that there is no removal of
organisms by controls/equipment for off-gases, potential human
inhalation dose rates are estimated to range from 3.0 x 10  to 3

1.5 x 10  cfu/year for the uncontrolled/untreated scenario and6

less than that for systems with full exemptions.  It should be
noted that these estimates represent hypothetical exposures under
reasonable worst case conditions (Versar, 1992).

4. Water

The concentrations of S . cerevisiae  in surface water were
estimated using stream flow values for water bodies receiving
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process wastewater discharges from facilities within SIC Code 283
(drugs, medicinal chemicals, and pharmaceuticals).  The surface
water release data (cfu/day) tabulated in Table 1 were divided by
the stream flow values to yield a surface water concentration of
the organism (cfu/l).  The stream flow values for SIC Code 283
were based on discharger location data retrieved from the
Industrial Facilities Dischargers (IFD) database on December 5,
1991, and surface water flow data retrieved from the RXGAGE
database.  Flow values were obtained for water bodies receiving
wastewater discharges from 154 indirect (facilities that send
their waste to a POTW) and direct dischargers facilities that
have a NPDES permit to discharge to surface water).  Tenth
percentile values indicate flows for smaller rivers within this
distribution of 154 receiving water flows and 50th percentile
values indicate flows for more average rivers.  The flow value
expressed as 7Q10 is the lowest flow observed over seven
consecutive days during a 10-year period.  The use of this
methodology to estimate concentrations of S . cerevisiae  in
surface water assumes that all of the discharged organisms
survive wastewater treatment and that growth is not enhanced by
any component of the treatment process.  Estimated concentrations
of S . cerevisiae  in surface water for the uncontrolled/untreated
and the full exemption scenarios are tabulated in Table 2
(Versar, 1992).

TABLE 2.  S . cerevisiae  Concentrations in Surface Water

                          Receiving
   Flow                  Stream Flow             Organisms
                            (MLD*)                (cfu/l)
                        _________________________________________

Mean 7Q10 Mean 7Q10
_________________________________________________________________

Uncontrolled/Untreated
  10th Percentile 156 5.60 4.5x10 1.25x104 6

  50th Percentile 768     68.13 9.11x10 1.03x10 3 5

Full Exemption
  10th Percentile 156 5.60 4.5x10 1.25x100-2 0

  50th Percentile 768     68.13 9.11x10 1.03x10 -3 -1

_________________________________________________________________
*MLD = million liters per day
Source: Versar, 1992

5.   Soil

Since soil is a natural habitat for S . cerevisiae , it would
be expected to survive well in soil.  These releases could result
in human and environmental exposure (Versar, 1992).  It is
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currently estimated that over one million tons of naturally-
occurring yeast are produced annually during brewing and
distilling practices (LaVeck, 1991).  

6. Summary

Although direct monitoring data are unavailable, worst case
estimates do not suggest high levels of exposure of S . cerevisiae
to either workers or the public resulting from normal
fermentation operations. 

V. INTEGRATED RISK ASSESSMENT

A. Discussion

There is an extensive history of use of and exposure to S .
cerevisiae  with a very limited record of adverse effects to the
environment or human health.  Yeast has been used for centuries
as a leavening for bread and fermenter of beer without records of
virulence.  S . cerevisiae  is currently classified as a class 1
containment organism under the NIH Guidelines based largely on
the extensive history of safe use. 

Factors associated with the development of disease states in
fungi have been reviewed.  Data suggests that only with the
ingestion of high levels of S . cerevisiae  or with the use of
immunosuppressants can S . cerevisiae  colonize in the body.  Even
under those conditions, there were no noted adverse effects.  In
the few cases which S . cerevisiae  was found in association with a
disease state, the host was a debilitated individual, generally
with an impaired immune system.  In other cases the organism was
recovered from an immunologically privileged site (i.e.,
respiratory tract).  Many scientists believe that under
appropriate conditions any microorganism could serve as an
opportunistic pathogen.  The cases noted in the above Human
Health Assessment, where S . cerevisiae  was found in association
with a disease state, appear to be classic examples of
opportunistic pathogenicity (see III.A.3).  

The organism is not a plant or animal pathogen.  Despite the
fact that S . cerevisiae  is ubiquitous in nature, it has not been
found to be associated with disease conditions in plants or
animals.  The only adverse environmental condition that was noted
is the production of "killer toxins" by some strains of the
yeast.  These toxins have a target range that is limited to
susceptible yeasts.  The toxins, proteins and glycoproteins, are
not expected to have a broad environmental effect based largely
on the anticipated short persistence of the toxins in soil or
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water and by the limited target range.  S . cerevisiae  "killer
toxin" has been used industrially to provide a level of
protection against contamination by other yeasts in the
fermentation beer.  

The current taxonomy of Saccharomyces  is under revision
based on the development of alternative criteria.  However, this
should not have a major effect on the risk associated with
closely related species.  Saccharomyces , as a genus, present low
risk to human health or the environment.  Criteria used to
differentiate between species are based on their ability to
utilize specific carbohydrates without relevance to
pathogenicity.  Nonetheless, this risk assessment applies to
those organisms that fall under the classical definition of S .
cerevisiae  as described by van der Walt (1971).

S. cerevisiae  is a ubiquitous organism which, despite its
broad exposure, has very limited reported incidence of adverse
effects. The extensive history of use, the diversity of
products currently produced by the organism, and the attention
given this organism as a model for genetic studies collectively
makes this organism a prime candidate for full exemption.  The
increased knowledge derived from the ongoing research should
further enhance this organisms' biotechnological uses.

B. Recommendation

     Saccharomyces  cerevisiae  is recommended for the tiered
exemption.
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Abstract

The use of commercial wine yeast strains as starters has been grown extensively

over the past three decades. Wine yeasts are annually released in winery environ-

ments; however, little is known about the fate of these strains in the vineyard. To

evaluate the industrial starter yeasts’ ability to survive in nature and become part

of the natural microbiota of musts, commercial yeast was disseminated voluntarily

in an experimental vineyard in the Madrid region (Spain). A large sampling plan

was devised over 3 years, including samples of grapes, leaves, bark and soil. The

disseminated yeast was well represented in the vineyard during the first 8 months.

After 2 years, the commercial yeast strain had not survived in the sprayed plants,

but a residual population was found in plants situated 50 m east of the sprayed

area. After 3 years, commercial yeast disseminated was not found in the sampled

vineyard. Grapes and soil showed the highest number of yeasts isolated in the

vegetative period, the bark being the main natural reservoir during the resting

stages. The result of analysis of population variations from year to year indicated

that permanent implantation of commercial strain (K1M) in the vineyard did not

occur and its presence was limited in time.

Introduction

The use of commercial wine yeasts strains as starters has

grown extensively over the past three decades. Today, the

majority of wine production is based on the use of active

dried yeast, which ensures rapid and reliable fermentations,

and reduces the risk of sluggish or stuck fermentations and

of microbial contaminations. Most commercial wine yeast

has been selected in the vineyard for oenological traits such

as fermentation performance, ethanol tolerance, absence of

off-flavours and the production of desirable metabolites.

These and other technological developments have contrib-

uted towards improving wine quality, and have enhanced

the ability of winemakers to control the fermentation

process and achieve specific outcomes.

On the other hand, and as a result of modern winemaking

practices and diversification of wine products, there is an

increasing quest for specialized wine yeast strains. Recombi-

nant-DNA technologies have been successfully applied to

wine yeast, generating specialized wine yeast strains that

have been engineered for specific traits, such as improved

fermentation performance and process efficiency, wine

sensory quality and health benefits for consumers. Recent

advances in yeast selection tending towards genetic

engineering have led to much discussion. Consumers’ and

governments’ concern about public health and the environ-

mental safety of microbial strains engineered by recombi-

nant DNA technologies remains a hurdle to the commercial

use of these yeasts (Schuller & Casal, 2005; Verstrepen et al.

2006; Fleet, 2008). Wine yeast strain development is an

important source of new genetic diversity to increase

the options available to winemakers. Consumer demands

for newer styles of wines and increasing concerns about

the environmental consequences of wine production are

providing new challenges for innovation in wine fermenta-

tion technology (Pretorius & Hoj, 2005; Fleet, 2008). A list

of commercially available strains of wine yeasts has been

compiled by Henschke (2007). Nevertheless, an important

question is whether the use of these microorganisms could

have a real environmental impact.

Wineries are open systems and commercial yeasts are

used without any special control and could therefore be
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dispersed into the environment in large quantities. The

behaviour of these yeasts in the grape berries was studied

by several authors (Schuller et al. 2005; Valero et al. 2005,

2007; Comitini & Ciani, 2006; Goddard et al. 2010). In these

studies, commercial yeasts were disseminated into the

environment year by year and it was not possible to

determine their real permanence in the vineyard. This study

aims to complete these data by determining the infiltration

and permanence in time of the disseminated yeast popula-

tion. Similarly, as the studies mentioned analyse the popula-

tions present in grapes, we do not know whether the soil or

any other part of the plant could act as a natural reservoir for

commercial yeasts. Therefore, the permeating of commercial

yeast in other vineyard niches, such as bark, leaf and soil, is

totally unknown, as well as their potential impact on the

autochthonous microbiota. In particular, it is not known

whether commercial dry yeasts are able to survive in non-

grape berry niches, nor whether they will become members

of the must microbiota in the following years.

On the other hand, the long-term survival on a spatial

scale of a community of commercial strains can be influ-

enced by numerous factors: self-fertilization (Cubillos et al.

2009), nutrient quantities in different parts of a vineyard

(Palková & Váchová, 2006), dissemination vectors such as

insects, small mammal and human activities (Goddard et al.

2010), soil type and water run-off (Valero et al., 2005;

Marques et al., 2010), the age of the vineyard (Pretorius,

2000), environmental adaptation to a new geographic area

(Salinas et al. 2010) and the continuous change of climatic

conditions such as rainfall, wind direction, temperature, etc.

(Pretorius, 2000; Schuller et al., 2005; Valero et al. 2005,

2007; Francesca et al. 2010).

This study aims to evaluate the behaviour of commercial

yeast in the environment via the voluntary dissemination of

Saccharomyces cerevisiae K1M (Lallemand, France) into

different ecological niches of the vineyard in order to answer

various questions. Can commercial yeasts remain in the

vineyard permanently and form part of the autochthonous

microbiota? Is there an ecological niche that acts as the

natural reservoir of these yeasts? This information will be

highly useful for the continuity of the oenological practice of

the use of selected yeasts and even for the possible use of

yeasts obtained via new technologies.

Materials and methods

Sampling plan and fermentation procedure

This study was carried out over 3 years (2006–2009), in an

experimental vineyard with Mazuelo, Cabernet Sauvignon,

and Prieto Picudo (Vitis vinifera L.) grapevine varieties located

in Alcalá de Henares in the Madrid winegrowing region, Spain

(401310N, 31170W, 610 m altitude). The climatological data

were obtained from the vineyard weather station. For these 4

years, the data were fairly homogeneous, and read as follows:

for 2006, 2007, 2008 and 2009, the annual mean air tempera-

ture was 15.4, 13.4, 14.1 and 15.2 1C, respectively. Regarding

the annual mean for precipitation, the data obtained were

414.01, 429.71, 484.90 and 468.11 mm. Under high pressure,

the dominant wind direction in the sampling area is from

north-east (NE) to south-west (SW). The grapes were har-

vested in an experimental vineyard with vertical trellises facing

in the direction of the gradient with Guyot pruning and bare

soil by tillage. Irrigation was performed through a drip system,

placing a drip every 75 cm, with a water flow of 2.2 L h�1,

resulting in 150 h year�1. The soil is a typical Henares river

terrace. It is characterized by nonsaturated water at any time of

the year and by the presence of large cracks in dry seasons.

According to Soil Survey Staff (1999), the soil was classified as

follows: Calcic Haploxeralf Alfisol [FAO (2007) equivalence;

Calcic Luvisol] with a variable depth of 0, 14, 32 and 60 cm.

The soil composition was 44% sand, 35% silt, 20% clay and

1% organic matter. The pH obtained was 8.0.

In order to evaluate the evolution of commercial yeast in

the environment, a cell suspension of the dry active comm-

ercial yeast K1M (Lallemand, France) was prepared to

obtain a concentration of approximately 1� 106 cells mL�1

and each stump or plant and the soil around it were sprayed

with 1L of this cell suspension, at the beginning of harvest in

the region. The study was carried out over a period of 36

consecutive months starting with the 2006 harvest until the

2009 campaign. Three grapevine plants were sampled within

the sprayed area (25 m radius). The subsequent samples

were always collected from the same vine. With the present

experimental design, samples of grape, leaf, soil and bark

were collected at the following times: day 0 (on the same day

of the dissemination), 7 days, and 1, 3, 6, 8, 12, 18, 24 and 36

months after dissemination. A control sampling was per-

formed before the dissemination. In order to determine

whether sprayed yeasts were disseminated to other points in

the vineyard, additional samples were collected over 25 m

around the dissemination point, for the control sample, and

from 0 to 18 months. After 24 and 36 months, additional

samples were collected at specific distances of 25, 50 and

100 m to the north, west, east and south of the point of

dissemination. This sampling plan is shown in Fig. 1.

Approximately 2 kg of grapes, stems included, and 5 g of

leaf, soil and bark were collected under aseptic conditions

from each sampling point and placed directly into

sterile bags, which were transported to the laboratory

under refrigeration conditions and processed within the

following 2 h.

At the laboratory, grapes were squeezed by hand in the

plastic bags. These bags were opened in the laminar airflow

bench, and 80 mL of juice was poured into 100-mL sterile

fermenters. Another 50 mL of the must was centrifuged for
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5 min at 17 734 g, the supernatant was taken to measure its

pH with a pH meter (Crison GLP21, Barcelona, Spain) and

Brix degree by refractometry (Atago digital refracto-

meter model Co. Ltd, Tokyo, Japan).

In order to dislodge the yeasts from the leaf, soil and bark

samples, 1 g of each were transferred into an assay tube

(30� 115 mm) containing 25 mL of a sterile 0.9% sodium

chloride solution. The tubes were shaken on a Mixer Vortex

vigorously at a high speed for 60 s to mix the sodium chloride

solution with the yeasts. The mix samples were poured into

100-mL sterile fermenters containing 55 mL of synthetic must,

MS medium, which mimics a standard grape must (Bely et al,

1990); the pH of the MS medium is adjusted to 3.3 by NaOH.

The fermenters with 80 mL of must were placed in a

controlled temperature chamber at 20 1C with mechanical

agitation (150 r.p.m.). Fermentation progress was moni-

tored daily by weight determination.

Yeast isolation

The yeast community present in the fermentation was

evaluated when the weight of the must was reduced by

70 g L�1, corresponding to the consumption of about two-

thirds of the sugar content. Tenfold dilutions of 100 mL of

must were spread on plates with YPD medium (yeast extract

1% w/v, meat peptone 1% w/v, glucose 2% w/v and agar 2%

w/v). The plates were incubated at 28 1C for 24–48 h to allow

their growth. After that, colonies were counted and 30

colonies were randomly selected from each fermentation

sample. Microbial density was expressed as CFU mL�1.

L-lysine agar (Barnett et al., 2000), which is unable to

support the growth of S. cerevisiae, was used to assess the

non-Saccharomyces yeasts. All isolates that were not able to

grow on the YNB medium with L-lysine as the sole nitrogen

source, but grew on the control medium YNB with ammo-

nium sulphate, were considered as S. cerevisiae and selected for

further steps.

Saccharomyces cerevisiae (K1M) detection

The commercial yeast strain of S. cerevisiae K1M (Lalle-

mand, France) was used to monitor the persistence and the

evolution of commercial yeast in the vineyard. This yeast has

two resistance markers: to the herbicide Diuron and to the

antibiotic erythromycin. Although it was isolated in the

south east of France, it is not autochthonous of the area

under study and it was not used either in the area or within a

radius of 60–80 km, as there are no wineries in the vicinity.

Furthermore, to the best of our knowledge, this yeast has

never been used in wineries in the Madrid region.

In order to select K1M strains, the isolates were grown in a

selective medium for these strains, named N1E1D. N med-

ium contains yeast extract 1% w/v, meat peptone 1% w/v,

glycerol 2% w/v and agar 2% w/v diluted in 1 L of Sörensen

West East

Fig. 1. Map of the experimental vineyard located in Alcalá de Henares, in the Madrid winegrowing region.
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buffer 0.05 M, pH 6.25, plus Diuron, minimum 98% (Sigma-

Aldrich Chemie GmbH, Germany) 0.08% w/v diluted in

2.5 mL of acetone (Merck KGaA, Germany) and erythromycin

(Sigma-Aldrich Chemie GmbH) 0.1% w/v diluted in 4 mL of

absolute ethanol (Merck KGaA). A medium without Diuron

and erythromycin was used as a negative control.

Molecular identification

A current molecular biology technique, microsatellite multi-

plex PCR (Vaudano & Garcia-Moruno, 2008), was used in

order to confirm the results obtained with the traditional

plate-count technique using the selective medium. Colonies

isolated from N1E1D medium were assayed to verify

whether they had the same microsatellite pattern as

S. cerevisiae strain K1M (Lallemand).

DNA extraction from yeast isolates was carried out using

a commercial kit (ArchivePure DNA Purification System, 5

Prime, Germany), following the instructions provided by

the manufacturer, but centrifuging at 17 734 g. The DNA was

then stored at � 20 1C. A UV-Vis spectrophotometer (Na-

nodrop 1000, Thermo Fisher Scientific Inc.) was used to

calculate the quantity of DNA extracted, covering a spectral

range from 220 to 750 nm.

Strains were genotyped with three microsatellite loci:

SC8132X, YOR267C and SCPTSY7. They were used because

of their high degree of polymorphism (Field and Wills, 1998;

González-Techera et al. 2001; Vaudano & Garcia-Moruno,

2008). The PCR reaction mix and the amplification protocols

followed were the same as those used by Vaudano & Garcia-

Moruno (2008). Amplified products were separated on an

agarose gel (2.5% w/v) with 5mL mL�1 of ethidium bromide

(Applichem), in 1�TBE buffer (Sigma-Aldrich Chemie

GmbH, Germany), at 100 V for 120 min. DNA fragment sizes

were determined by comparison with a molecular marker

(100-pb ladder, Promega, Madison, WI). Moreover, fragment

differentiation and allele size determination were performed

by single capillary automatic electrophoresis in an ABI 3130

Genetic Analyzer (Applied Biosystem). In order to determine

whether the patterns obtained from isolated yeast were

identical to sprayed yeast, they were compared with the

pattern of the commercial yeast strains K1M (Lallemand).

Results

The aim of this work was to determine the presence and

permanence in the vineyard of a population of commercial

wine yeast disseminated in the vineyard to determine their

impact on the vineyard microbiota. The climatological

conditions and other agronomic parameters, such as prun-

ing, irrigation, soil type, etc. are indicated in Materials and

methods.

In order to obtain more detailed information about the

persistence and implantation of commercial yeast in the

environment, K1M strains (Lallemand) were sprayed on

an experimental vineyard in the Madrid winegrowing

region (Spain). This commercial yeast was isolated in

the Languedoc region of France and was never found as

autochthonous yeast in Spain. The vineyard sprayed was

sampled over the next 3 years, in the area of dissemination

and at different distances from this area.

A total of 172 samples were collected over 36 months, 37

of which were taken from grapes, 37 from leaves, 49 from

bark and 49 from soil. A sample in triplicate of grapes,

leaves, bark and soil, respectively, was taken before commer-

cial yeast dissemination and was used as a control. In the

first year of the study, 12 samples, three for each ecological

niche (grape, leaf, bark and soil), were collected after 0, 7

days, 1 and 12 months. Also during the period when there

are no grapes or leaves on the vine, 3, 6, 8 and 18 months, a

total of six samples (three from the bark and three from the

soil) were collected. Finally, to evaluate the distribution and

evolution of K1M strains and because several chemical,

physical and biotic factors could influence the dissemina-

tion, at 24 and 36 months, the sampling plan was also

extended to 25, 50 and 100 m from the initial area of

dissemination (Fig. 1). Hence, at both times, a total of 11

samples were collected from each part of the vine (grape,

leaf, soil and bark).

The musts obtained from samples of grape berries were in

optimal conditions to carry out the spontaneous fermenta-

tions in the presence of fermentative microorganisms. The

pH and the Brix degree of the musts obtained are shown in

Table 1. Fermentation of the collected samples from the soil

and other parts of the vine was carried out in synthetic must,

mimicking a standard grape must, as indicated in Materials

and methods. Because it is based on an enrichment proce-

dure, the counts obtained with this method do not strictly

reflect the initial population in the vineyard, which will

always be less than after fermentation. This method was

used in order to ensure the detection of fermentative yeast

present in very low numbers in the vineyard (Mortimer &

Polsinelli, 1999; Pretorius 2000; Martini, 2003).

Table 1. Brix grade and pH for 23 musts obtained from the experimental vineyard during 36 months of the study (mean� SD)

Control Time 0 1 Week 1 Month 3 Months 6 Months 8 Months 12 Months 18 Months 24 Months 36 Months

Brix 24.6�0.4 24.9� 0.6 24.9� 0.6 25.2� 1.3 – – – 26.2�0.1 – 22.0� 2.8 26.9� 2.1

pH 3.4�0.0 3.8� 0.0 3.7� 0.1 3.5� 0.0 – – – 3.6�0.0 – 3.5� 0.1 3.7� 0.2
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From the total of 172 samples collected, 72 completed

spontaneous fermentations under laboratory conditions, of

which 23 were from grapes, 11 from leaves, 18 from the bark

and 20 from soil. Thirty colonies were randomly selected

from each of the 72 samples that reached spontaneous

fermentations. Thus, a total of 2160 yeast colonies were

isolated. Based on the L-lysine utilization method (Barnett

et al. 2000), 1336 were non-Saccharomyces yeasts (435, 188,

360 and 353 from grapes, leaves, bark and soil, respectively)

and 824 were Saccharomyces, of which 78 strains were

autochthonous fermentative yeasts. They were isolated from

different niches (30 from grapes, 30 from leaves, 17 from the

bark and one from the soil). According to the K1M detection

test, 746 were commercial S. cerevisiae (K1M). The global

distribution and frequency of fermentative yeasts popula-

tion isolated from grapes, leaves, bark and soil, after

spontaneous fermentation from the experimental vineyard

over the 36 months studied, are shown in Table 2.

The dissemination of K1M strain was efficient; high

populations of yeast were found at time 0 (on the same day

as dissemination) in grapes, leaves and soil (94%, 33% and

100%, respectively). All isolates in bark corresponded to

noncommercial S. cerevisiae. After a week, the K1M strain

was only isolated in grapes and soil in very high percentages

(80% and 100%). The absence of yeast in the bark could be

explained by the fact that this part of the plant is dryer than

others; furthermore, water and nutrients are concentrated

mainly in grapes. One month later, close to senescence, the

distribution of commercial yeast in the sprayed area was well

represented in all parts of the vines (48% on grapes, 91% on

leaves, 33% in the bark and 47% in the soil around the

stump). According to Valero et al. (2007), during the period

of ripeness, higher quantities of nutrients are available for

yeasts; this favours their proliferation. Moreover, sugars on

leaves are transferred to bark as reservoirs in cold periods. At

3, 6 and 10 months during the resting stages of plants, the

soil showed the maximum level of yeasts and the K1M strain

was well represented in the bark, although a decreasing

tendency was perceived. Twelve months after the voluntary

dissemination, the percentage of K1M strain in the grapes

and soil (both 33%) was lower than the values observed in

the first week. At 18 months (March), only the bark

Table 2. Global distribution and frequency of the commercial strains of Saccharomyces cerevisiae (K1M) isolated after spontaneous fermentation from

the experimental vineyard over the 36 months studied

Control

Time

0

1

Week

1

Month

3

Months

6

Months

8

Months

12

Months

18

Months

24

Months

36

Months Total

Grape

Samples 3 3 3 3 – – – 3 – 11 11 37

Spontaneous Fermentations 3 3 3 3 – – – 2 – 3 6 23

Isolates of non-Saccharomyces 90 5 18 47 – – – 40 – 55 180 435

Isolates of Saccharomyces non-K1M 0 0 0 0 – – – 0 – 30 0 30

Isolates of Saccharomyces K1M 0 85 72 43 – – – 20 – 5 0 225

% of K1M 0 94 80 48 – – – 33 – 6 0 30

Leaf

Samples 3 3 3 3 – – – 3 – 11 11 37

Spontaneous Fermentations 0 3 2 3 – – – 2 – 0 1 11

Isolates of non-Saccharomyces 0 60 60 8 – – – 30 – 0 30 188

Isolates of Saccharomyces non-K1M 0 0 0 0 – – – 30 – 0 0 30

Isolates of Saccharomyces K1M 0 30 0 82 – – – 0 – 0 0 112

% of K1M 0 33 0 91 – – – 0 – 0 0 15

Wood

Samples 3 3 3 3 3 3 3 3 3 11 11 49

Spontaneous Fermentations 0 2 2 3 1 3 2 1 1 0 3 18

Isolates of non-Saccharomyces 0 60 60 60 30 0 30 30 0 0 90 360

Isolates of Saccharomyces non-K1M 0 0 0 0 0 0 0 0 17 0 0 17

Isolates of Saccharomyces K1M 0 0 0 30 0 90 30 0 13 0 0 163

% of K1M 0 0 0 33 0 100 50 0 43 0 0 22

Soil

Samples 3 3 3 3 3 3 3 3 3 11 11 49

Spontaneous Fermentations 0 2 1 3 3 3 3 3 0 0 2 20

Isolates of non-Saccharomyces 0 0 0 48 58 82 46 59 0 0 60 353

Isolates of Saccharomyces non-K1M 0 0 0 0 0 0 0 1 0 0 0 1

Isolates of Saccharomyces K1M 0 60 30 42 32 8 44 30 0 0 0 246

% of K1M 0 100 100 47 36 9 49 33 0 0 0 33
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contained the sprayed yeast (43%). At 24 months, the K1M

strain had not survived in the sprayed plants, but a residual

population (6%) was found in grapes situated 50 m east of

the dissemination area (Table 3). In the last sampling, at 36

months, commercial yeasts were not found in the vineyard.

The dispersion and the number of isolates of K1M according

to the time are shown in Fig. 2.

The microsatellite multiplex PCR technique was used to

confirm the results obtained. Colonies isolated from

N1E1D medium were assayed to verify whether

they had identical microsatellite patterns as commercial

S. cerevisiae K1M (Lallemand), which was used as a control

pattern. The 78 indigenous fermentative strains isolated

from grapes, leaves, bark and soil were also analysed and

compared with the profiles in the IMIDRA yeast collection

database showing a unique profile different from K1M and

belonging to native yeast of the Madrid winegrowing region

(Table 4).

Discussion

Winemakers have used S. cerevisiae to make alcoholic

beverages for thousands of years. Nowadays, this super-

model research organism is central to advances in our

biological understanding (Goddard et al. 2010). Fermenta-

tive yeast populations comprise distinct domesticated and

natural groups as well as mosaic strains, but in-depth

knowledge of the colonization capacities and environmental

risks of commercial yeasts is needed. Wineries are open

systems and commercial yeasts have been used without any

special control and could therefore be dispersed into the

environment in large quantities via the sewage.

The importance of the colonization and persistence of

commercial strains of S. cerevisiae on the vineyard has also

been highlighted in several studies (Schuller et al. 2005; Valero

et al. 2005, 2007; Comitini & Ciani, 2006; Francesca et al.

2010). Nevertheless, no data are available regarding the length

of permanence of these yeasts in the vineyard or their presence

in other vineyard niches. For this reason, this study, carried

out in the Madrid winegrowing region, includes aspects that

have not been considered in previous works, such as the long-

term survival of disseminated commercial yeast in grapes and

must, or their permanence in different parts of the vine (leaves

and bark) and the soil around the vine, which may act as the

natural reservoir of these yeasts during the resting stages of the

plants. In this way, it is possible to obtain a more complete

picture of the impact of commercial yeast on the natural

microbiota of the vineyard.

In the present study, 2160 strains were isolated, of which

1336 were non-Saccharomyces yeasts, 78 strains were indi-

genous S. cerevisiae and, according to the K1M detection

test, 746 were commercial S. cerevisiae (K1M), over a period

of 36 months. Yeast biodiversity studies in the vineyard

carried out by members of this research team in the

Languedoc winegrowing region in the south of France

(Valero et al. 2007) indicate that the methodology used

showed an acceptable reflection of the initial biodiversity.

This previous study showed a large proportion of non-

Saccharomyces yeast species (66%), on the same level as our

present study, where these strains represented 63% of the

total yeasts isolated over the 36 months. These new data

Table 3. Global distribution and frequency of the commercial strains of

Saccharomyces cerevisiae (K1M) collected at different distances (0–25,

50 and 100 m) and directions (DP, disseminated point; N, north; S, south;

E, east; and W, west) during 2006–2009

Distance (m)

0–25 50 100

TotalDP N S E W N S E W

Samples 108 8 8 8 8 8 8 8 8 172

Spontaneous Fermentations 62 0 2 2 0 0 2 2 2 72

Isolates of non-Saccharomyces 1071 0 60 55 0 30 0 30 90 1336

Isolates of Saccharomyces non-K1M 48 0 0 0 0 0 0 30 0 78

Isolates of Saccharomyces K1M 741 0 0 5 0 0 0 0 0 746

% of K1M 40 0 0 8 0 0 0 0 0 34
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Fig. 2. Overall distribution during 3 years of

commercial yeast strain K1M.
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confirm previous reports indicating that S. cerevisiae is not

present in vineyards in large numbers (Pretorius, 2000).

Several authors considered that the origin of wine yeast is

still controversial (Mortimer & Polsinelli, 1999; Pretorius

2000; Martini, 2003); in our study, a total of 78 strains of

autochthonous S. cerevisiae were isolated. These results

clearly indicate that indigenous fermentative yeasts occur in

a very low percentage (4%) in vineyard ecosystems belong-

ing to the Madrid winegrowing region. In their natural

environment, yeasts have to cope with changing tempera-

ture, humidity (excess of water or drying) and the effects of

various toxic compounds arising either from the environ-

ment (e.g. drugs) or produced by other organisms in their

immediate surroundings (Palková & Váchová, 2006). Spon-

taneous fermentations were achieved in order to obtain a

significant population of these yeasts, owing to lower avail-

ability in the vineyard and with the aim of ascertaining

whether S. cerevisiae (K1M) was present in each sample.

These samples yielded 78 colonies identified as indigenous S.

cerevisiae, among which we found a unique genotype

different from the K1M strain genotype (Table 4). We

believe that this provides strong evidence for a discrete

population of fermentative yeasts residing in the sampled

vineyard. Overall, these communities were found on the

grape berries and leaves (30 isolated in both niches) and 17

strains in bark. From soil, only one strain was isolated, but it

was the same genotype as that found in the different niches.

This therefore appears to indicate that the native yeast found

could be a possible ‘terroir’ yeast candidate. In this way, by

preserving and encouraging the autochthonous microbiota,

their expression in wines could be asserted (Renouf et al.

2005; Francesca et al. 2010).

Regarding disseminated K1M, 34% of the total number of

isolates from grapes, leaves, bark and soil were the commer-

cial yeast in the proposed sampling plan during 2006, 2007,

2008 and 2009. The highest proportion was found during

the 2006 harvest, while a notable decrease was seen

in 2007. In 2008, a residual population was found in grapes

situated 50 m east of the dissemination area; many factors

could have influenced their transportation, such as geo-

graphy, rainfall and wind direction (this year was the

wettest; under low pressures, the predominant winds usually

blow from SW to NE in the vineyard area), birds, insects,

small mammals and human-aided vectors. After 36 months,

in 2009, no disseminated yeasts were found in the epicentre

of the vineyard and within a radius of 100 m around the

disseminated area. This distance was determined by Valero

et al. (2005) as the perimeter in which the dissemination is at

a maximum.

Regarding the presence of K1M strains in the different

niches during the 36 months, grapes and soil were their main

reservoirs, containing 30% and 33%, respectively, of the total

of the isolates. The other 22% was found in the vine bark and

15% of the commercial yeast corresponded to leaves. With

this, soil and bark were the potential containers of these yeasts

during the latency period, given that they showed the highest

values during the resting stages of the plants.

Sensu strictu species of the genus Saccharomyces, as their

scientific name implies, usually need high concentrations of

sugar and humidity during their biological cycle (Fay &

Benavides, 2005). Nevertheless, grapes are sugar-rich envir-

onments related to the ripeness having a seasonal occurrence

and consequently constitute one of the yeasts’ habitats. K1M

strains were sprayed over the vine (including grape berries)

during the grape development. In this season, higher sugar

concentrations are present in grapes, making K1M yeasts’

survival possible.

With respect to the soil, a high percentage of isolates of

the K1M commercial yeast was found. This could be due to

the vine building up organic matter by means of the leaves

and old grapes during senescence periods. Thus, yeasts are

provided with humidity and sugar and carbon sources.

Moreover, in some yeasts of the genus Saccharomyces, sexual

reproduction is triggered by adverse environmental condi-

tions. A starved diploid cell enters meiosis and produces

resistant haploid spores. This form of sexual reproduction,

however, usually results in the maintenance of the yeasts

during the resting periods or very dry seasons.

According to Barnett et al. (2000), Saccharomyces species

exhibit a strong preference for hexoses such as glucose,

fructose, mannose and galactose or simple oligosaccharides,

especially maltose, sucrose and raffinose. Sampaio & Gon-

çalves (2008) analysed via HPLC the presence of these sugars

in many tree bark samples from which fermentative yeasts

were isolated. It was possible to detect the presence of at least

one of the sugars in the bark. However, in the vine before

Table 4. Microsatellite patterns of Saccharomyces cerevisiae strains isolated in the disseminated vineyard

Genotype

Allele size (bp)

SCPTSY7-1 SCPTSY7-2 SC8132X-1 SC8132X-2 YOR267C-1 YOR267C-2

K1M� 286 286 193 193 389 389

K1M 286 286 193 193 389 389

A 269 269 193 193 421 421

K1M�, commercial yeast pattern as control; K1M, disseminated commercial yeast; A, indigenous yeast.
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senescence, high concentrations of sugar are transported

from the leaves to the bark in order to have a nutrient

reservoir during the resting stages. Our results showed a

high percentage of isolates of the disseminated Saccharo-

myces K1M between the third month and the eighth month

of the study, when grapes and leaves were not present. This

result suggests the availability of hexoses on the vine bark,

where there was yeast growth.

The occurrence, and especially domination, of Saccharo-

myces in soils, plant leaves and decaying plant debris is

extremely rare. The amount of exudates available to epiphytic

microorganisms depends on a number of factors, such as

cuticle thickness, the number of stoma and other anatomical

features of the leaves (the presence of trichomes, glandular

fuzz and extrafloral nectaries), which determine the avail-

ability of water and nutrients for epiphytic yeasts, which

vary in plants of different ecological and taxonomic groups

and necessarily affect yeast numbers (Glushakova et al.

2007). In earlier studies, epiphytic yeasts were counted

mainly in the autumn, when their population and species

diversity were maximal (Bab’eva et al. 1995; Glushakova &

Chernov, 2007) or, rarely, three or four times a year (Inácio

et al. 2002). The data obtained by Glushakova et al. (2007)

indicate that Saccharomyces yeasts, contrary to the existing

ideas about their predilection for sugar-rich substrates, are

typical epiphytic species and can form a major part of the

plant-associated yeast population.

Sláviková et al. (2007) demonstrated that yeasts were

isolated from leaf surfaces of five species of fruit trees located

in southwest Slovakia. Leaves are exposed to rapidly fluctu-

ating temperature and relative humidity, which may have an

impact on the yeast population. Large fluxes of UV radiation

are also one of the most prominent features of the leaf

surface environment to which microorganisms have pre-

sumably had to adapt (Lindow & Brandl 2003; Sláviková

et al. 2007). To our knowledge, this is the first time that

yeasts have been isolated from V. vinifera L. leaves in the

Madrid winegrowing region. A total of 188 non-Sacchar-

omyces strains were isolated over the 36 months. The highest

proportion was found at times 0 and 1 week, and a

significant decrease was observed after 1 month; never-

theless, after 12 and 36 months, an increase in the yeast

population was observed. After 24 months, no yeasts were

isolated. Indigenous Saccharomyces were also found at 12

months in vine leaves. Regarding disseminated commercial

yeasts K1M, 30 and 82 strains were collected only at times 0

and 1 month owing to an initial presence. However, no

survival was found in subsequent samplings.

Summarizing, our results show that the permanent

establishment of commercial yeast (K1M) in the vineyard

did not occur and is restricted to short distances and a

limited period of time. This result reinforces our previous

findings (Valero et al., 2005, 2007), which showed that other

factors were more important than commercial yeast utiliza-

tion for the biodiversity of the vineyard. Furthermore, no

implantation was produced in the fermentation, as the

presence of indigenous strains was not subsequently

affected, principally after the first 2 years. It would appear

that the environmental risks of the use of commercial yeasts

strains were very limited. Our study demonstrates that

commercial yeast (K1M) does not displace autochthonous

Saccharomyces, and they are not sufficiently capable of

colonization and adaptation to new vineyard environments

on a permanent basis. Nevertheless, more long-term sam-

pling could be advisable to confirm these results and the

presence of commercial yeast must be monitored. As far

as possible, wineries must avoid the massive release of

commercial yeasts in the environment in order to preserve

the biodiversity of autochthonous microbiota.
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Abstract

The use of commercial wine yeast strains as starters has been extensively generalised over the past two decades. In this study, a
large-scale sampling plan was devised over a period of three years in six different vineyards to evaluate the dynamics and survival of
industrial yeast strains in the vineyard. A total of 198 grape samples were collected at various distances from the wineries, before and
after harvest, and yeast strains isolated after spontaneous fermentation were subsequently identified by molecular methods. Among
3780 yeast strains identified, 296 isolates had a genetic profile identical to that of commercial yeast strains. For a large majority
(94%), these strains were recovered at very close proximity to the winery (10–200 m). Commercial strains were mostly found in
the post-harvest samples, reflecting immediate dissemination. Analysis of population variations from year to year indicated that per-
manent implantation of commercial strains in the vineyard did not occur, but instead that these strains were subject to natural fluc-
tuations of periodical appearance/disappearance like autochthonous strains. Our data show that dissemination of commercial yeast
in the vineyard is restricted to short distances and limited periods of time and is largely favoured by the presence of water run-off.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords: Wine yeast dissemination; Vineyard ecosystems; Molecular identification methods
1. Introduction

The predominant yeast species used in the production
of wine is Saccharomyces cerevisiae, universally known
as ‘‘wine yeast’’. Under selective conditions of grape
must fermentation, yeasts efficiently compete with other
microorganisms present in musts, such as moulds and
lactic- and acetic-acid bacteria. A succession of various
yeast species – the apiculate yeasts Hanseniaspora uva-

rum (=Kloeckera apiculata) and other yeasts of the gen-
era Metschnikowia, Candida or Pichia – is found in the
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early stages of fermentation [1]. As the concentration
of ethanol increases, these species are rapidly outgrown
by S. cerevisiae and related species, which invariably
dominate the later stages of the process.

Since the beginning of the 1980s, the use of active
dried S. cerevisiae yeast starters has been extensively
generalised. Today, the majority of wine production is
based on the use of active dried yeast, which ensures ra-
pid and reliable fermentation, and reduces the risk of
sluggish or stuck fermentation and of microbial contam-
ination. Most commercial wine yeast strains available
today have been selected in the vineyard for enological
traits such as fermentation performance, ethanol toler-
ance, absence of off-flavors and production of desirable
metabolites. These and other technological develop-
ments have contributed to an improvement in the
. Published by Elsevier B.V. All rights reserved.
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quality of wine, and have enhanced the ability of wine-
makers to control the fermentation process and achieve
specific outcomes.

As a result of modern winemaking practices and
diversification of wine products, there is an increasing
quest for specialised wine yeast strains. During the last
two decades a considerable knowledge of S. cerevisiae

genetics and physiology has been generated as well as
numerous genetics tools. Recombinant-DNA technolo-
gies have been successfully applied to wine yeast, gener-
ating specialized wine yeast strains which have been
engineered for specific traits, such as improved fermen-
tation performance and process efficiency, wine sensory
quality and health benefits for consumers [2–8].

In view of a possible future use of genetically modified
wine yeasts, a sound evaluation of the potential environ-
mental impact of genetically modified wine yeast is abso-
lutely required. In this context, industrial yeasts used as
fermentation starters are a good study model to evaluate
the competition and the influence of inoculated strains
on the fermentations of the following years, especially
those performed according to traditional practices which
rely on spontaneous fermentations. Commercial yeasts
are classically used in winemaking without any special
containment and are annually released in large quanti-
ties, together with liquid and solid wine-making residues,
in the environment around the winery. The behaviour of
these yeasts in the ecosystem of the vineyard is totally un-
known, as is their potential impact on the natural micro-
biota. In particular, it is not known if commercial strains
are able to survive in nature and to become members of
the vineyard microbiota.

Limited data are available that could contribute to an
evaluation of the importance of starter yeast dissemina-
tion and permanence in the vineyard [9–11]. Recently, a
large-scale biogeographical study in South-African vine-
yards has been carried out over four years. In five areas,
situated in the coastal region vineyards of the Western
Cape, 13 samples were collected and commercial yeasts
were recovered from three samples [12,13]. These studies
have made it necessary to carry out this type of study on
a larger scale, with the aim of increasing the statistic sig-
nificance of the results obtained.

The present large-scale study, carried out at different
geographical localizations in France and Portugal, aims
at evaluating the industrial starter yeasts� ability to
spread and survive in nature.
2. Materials and methods

2.1. Sampling plan and selection of wineries

Grapes were harvested during three consecutive years
(2001–2003) in six vineyards, three of which were lo-
cated in the south of France and three in the northwest
of Portugal, as shown in Fig. 1. In France, the wineries
were located in the Languedoc-Roussillon Region,
around the Mediterranean city of Montpellier, and the
vineyards were situated at a distance of 30 and 80 km
from each other. In Portugal, the three wineries were lo-
cated in the north, centre and south of the Região
Demarcada dos Vinhos Verdes, the distance between
each being approximately 50 km. In each vineyard, six
sampling points were defined according to the predomi-
nating wind direction at a distance between 20 and
1000 m from the winery, as shown in Fig. 1.

In order to evaluate the survival of commercial
yeast over years, a first sampling campaign was per-
formed before the winery started wine production with
the use of commercial yeast strains (pre-harvest sam-
ples). In a second post-harvest sampling campaign,
the grapes were collected after the onset of wine pro-
duction, in order to evaluate the immediate commer-
cial yeast dissemination from the winery. The gap
between the pre- and post-harvest campaigns was ten
days, during which time waste water was released
from the wineries. In the consecutive years, samples
were always collected from the same area at a radius
of 5 m. With the present experimental design, 72 grape
samples were collected each year. The selected wineries
have used one or more commercial yeast strains con-
secutively during at least the last five years. Tables 1
and 2 show the commercial yeasts used in each winery
during the period studied (2001–2003) and their geo-
graphic origin, respectively.

2.2. Sample collection and yeast isolation

From each sampling point, approximately 2 kg of
grapes were collected aseptically and directly placed into
sterile plastic bags, which were transported to the labora-
tory in cool bags. At the laboratory, grapes were crushed
by hand in the plastic bags, which were opened and
180 ml of juice was poured into sterile 250-ml fermen-
tors. The fermentors were placed in a temperature-
controlled roomat 20 �Cwithmechanical agitation.Daily
weight determinations allowed the monitoring of the fer-
mentation progress. The yeast community was analysed
when the must weight was reduced by 70 g l�1, corre-
sponding to the consumption of about 2/3 of the sugar
content. Must samples were diluted and spread on plates
with YEPD medium (yeast extract 1% w/v, peptone 1%
w/v, glucose 2% w/v, agar 2% w/v), and after 2 days of
incubation 30 randomly selected colonies were collected
from each spontaneous fermentation.

2.3. Selection of Saccharomyces

To rapidly discriminate between Saccharomyces and
non-Saccharomyces yeast, every isolate was evaluated
according to its ability to grow on L-lysine [14]. All
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Fig. 1. Geographic localization of the vineyards belonging to the Languedoc (A–C) and Vinho Verde (D–F) wine regions, with an indication of the
sampling sites in each of the six vineyards. In each site, two samples (pre- and post-harvest campaign) were collected. Factors that may influence the
dissemination of the yeasts are indicated in the figure.
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isolates that were not able to grow on the YNB medium
with L-lysine as the sole nitrogen source, but grew on the
control medium YNB with ammonium sulphate were
considered as Saccharomyces and selected for further
molecular identification.

2.4. Molecular identification methods

DNA was extracted from yeast cells cultivated in 1 ml
YEPD medium (36 h, 28 �C, 160 rpm) as described pre-
viously [15], with a modified cell lysis procedure, using
25 U of Zymolase (Sigma, St. Louis, MO). Cell lysis
was dependent on the strain and lasted between
20 min and 1 h (37 �C).

Mitochondrial-DNA restriction profiles were estab-
lished as described previously [16]. Digestions (HinfI)
were performed overnight at 37 �C in a final volume of
20 ll [17].

Microsatellite analysis was performed using six loci
(ScAAT1–ScAAT6), previously described by Pérez
et al. [18], that were amplified (iCycler thermal cycler
Bio-Rad, Marnes-La Coquette, France) in two multiplex
reactions. The samples were denatured and separated by
capillary electrophoresis in an ABI Prism 310 DNA
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Table 1
Commercial yeast strains used in each winery during 2001–2003

Year Winery A Winery B Winery C Winery D Winery E Winery F

2001 K1M ICV-INRAa K1M ICV-INRA K1M ICV-INRA ZymafloreVL1 Zymaflore VL1 Zymaflore VL1

ICV D254 ICV D254 Zymaflore VL3 ZymafloreVL3 Lalvin EC 1118
Enolevure K34 ICV D80 Maurivin PDM Zymaflore F10

Lalvin QA23 Uvaline BL ICV D254 Zymaflore F15
ICV D47 Lalvin BM45 ICV D47 Uvaferm L2056

Maurivin AWRI2 Uvaline arôme Lalvin CY 3079
Vitilevure-Chardonnay Uvaferm ALB
Anchor VIN 13 Uvaferm 2287

2002 K1M ICV-INRA K1M ICV-INRA K1M ICV-INRA ZymafloreVL1 Zymaflore VL1 Zymaflore VL1

ICV D254 ICV D80 Maurivin PDM ZymafloreVL3 Lalvin EC 1118 Lalvin EC 1118
Lalvin QA23 Uvaline BL ICV D47 Zymaflore F10 Levuline BRG

Lalvin BM45 Anchor VIN 13 Zymaflore F15 Fermichamp
Maurivin AWRI2 Zymaflore VL3 Uvaferm ALB
Uvaline CVR Anchor NT 116 Uvaferm 228

Vitilevure-Sauvignon Uvaferm CS2

2003 K1M ICV-INRA K1M ICV-INRA K1M ICV-INRA ZymafloreVL1 Zymaflore VL1 Zymaflore VL1

ICV D254 Uvaline BL Zymaflore VL3 ZymafloreVL3 Fermafine Lalvin CY 3079
Enolevure K34 Lalvin BM45 Maurivin PDM Zymaflore F10 Fermafruit

Anchor NT 45 Vitilevure-Chardonnay Zymaflore F15 IOC 18-2007
Anchor NT 50 Vitilevure-Sauvignon Zymaflore VL2 Lalvin CY 3079
ICV D80 Uvaferm ALB
Uvaline CVR
Enolevure K34
Maurivin PDM

All strains belong to S. cerevisiae.
a The strains shown in bold were used for at least the last five years prior to the study.
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sequencer (Applied Biosystems, Foster City, CA) and
analysed using Genescan (Metairie, LA) software. The
complete method was described by Schuller et al. [17].

Chromosomal profiles were established by pulsed-
field gel electrophoresis (PFGE) using yeast chromo-
somal DNA prepared in plugs and the TAFE (transverse
alternating field electrophoresis) system (Geneline, Beck-
man, Villepinte, France) as previously described [19].
The gels were run for 6 h at 250 V with a 35-s pulse time,
followed by 20 h at 275 V with a 55-s pulse time, at 14 �C.
3. Results and discussion

3.1. Sampling sites and isolation of Saccharomyces

A large sampling plan was followed: a total of 198
samples were collected during three consecutive cam-
paigns (2001–2003), 108 of which were taken in France
and 90 in Portugal. It is to be noted, as can be observed
in Fig. 1, that due to geographical constraints the sam-
ples in Portugal were collected much closer to the winery
than those in France. In the French wineries (A–C), the
sample sites were located at a distance of between 100
and 1000 m from the winery, whereas in the Portuguese
wineries (D–F) half of the sampling sites were located at
a distance of less than 70 m from the winery and none
was located further than 400 m.
Table 3 shows the global data in each country, bro-
ken down into years. Of the 198 samples, 126 musts
(64%) produced spontaneous fermentations, 20% and
44% by musts from pre-harvest and post-harvest cam-
paigns, respectively. The percentages of spontaneous
fermentations in both countries were similar, 66% in
France and 60% in Portugal. A total of 3780 colonies
were isolated from these fermentations (2160 and 1620
in France and Portugal, respectively).

Discrimination between Saccharomyces and non-
Saccharomyces strains isolated in Languedoc was per-
formed using a selective medium with L-lysine as the sole
nitrogen source [14]. By this method only two species of
the genus Saccharomyces (i.e., S. kluyveri and S. unispo-

rus), which do not occur in enological environments, are
capable of growing with L-lysine. From this we con-
cluded that yeasts, isolated after fermentation, that can
utilize L-lysine, do not belong to the genus Saccharomy-

ces. To confirm this hypothesis, isolates from the fastest
fermentations that grew in L-lysine medium were identi-
fied by PCR-RFLP analysis of the rDNA ITS region
[20]. The results confirmed that they were non-Saccharo-
myces strains, belonging mainly to the genus Kloeckera
(data not shown). All isolates not able to grow on the
L-lysine medium were therefore selected for molecular
identification. In Portugal, all isolates were assigned to
different groups according to their mtDNA RFLP pat-
tern. One representative strain from each group was ran-
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Table 2
Geographic origin of the commercial yeast strains used in the wineries
studied

Strains Origin

Anchor NT 45 South Africa
Anchor NT 50 South Africa
Anchor NT 116 South Africa
Anchor VIN 13 Stellenbosch, South Africa
Enolevure K34 Valencia, Spain
Fermafine Not known
Fermafruit Not known
Fermichamp Alsace, France
ICV D 47 Rhône, France
ICV D 80 Rhône, France
ICV D 254 Languedoc, France
IOC 18-2007 Not known
K1M ICV-INRA Languedoc, France
Lalvin BM 45 Sangiovese, Italy
Lalvin EC1118 Champagne, France
Lalvin QA23 Portugal
Lalvin Cy 3079 Bourgogne, France
Levuline BRG Not known
Maurivin AWR12 Bordelais, France
Maurivin PDM Champagne, France
Uvaferm 228 France
Uvaferm ALB Not known
Uvaferm CS2 Alsace, France
Uvaferm L 2056 Rhône, France
Uvaline arôme Loire, France
Uvaline BL Champagne, France
Uvaline CVR Not known
Vitilevure Chardonnay Languedoc, France
Vitilevure Sauvignon Sauvignon, France
Zymaflore F10 Bordelais, France
Zymaflore F15 Gironde, France
Zymaflore VL1 Gironde, France
Zymaflore VL2 Burgundy, France
Zymaflore VL3 Gironde, France
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domly withdrawn, and its ability to grow on L-lysine was
tested. Based on these methods, 2355 Saccharomyces

strains were selected from the 3780 isolates collected
during the three years.

3.2. Geographic distribution of recovered commercial
yeast strains

The global composition of the yeast population iso-
lated after fermentation from the six wineries over the
three years studied, in pre- and post-harvest cam-
paigns, is shown in Fig. 2. Table 4 shows the distribu-
Table 3
Distribution of global data by country and year

2001 2002

France Portugal Fran

Samples 36 36 36
Spontaneous fermentations 24 19 33
Isolates 720 570 990
Saccharomyces strains 406 570 120
tion and frequency of commercial yeasts in each
vineyard.

Identification of Saccharomyces strains was per-
formed by different molecular-typing methods, depend-
ing on the specific resources of each laboratory. An
example of genetic profiles, both of natural isolates
and commercial yeast strains from France and Portugal,
is shown in Fig. 3. Chromosomal-pattern analysis of 735
Saccharomyces isolates from France (wineries A–C) was
performed, and compared with that of the 19 commer-
cial yeasts used in the three wineries. In Portugal, all
1620 isolates were analysed by mtDNA RFLP (HinfI),
and their patterns compared to those of a strain collec-
tion including all strains used by the three wineries. At
least one representative isolate of each group of strains
showing identical mtDNA RFLP patterns identical to
those of commercial strains was further confirmed by
microsatellite analysis. In order to evaluate the discrim-
inatory power of these three methods, we had previously
performed a survey of the genetic polymorphisms gener-
ated by distinct methods on a total of 23 commercial
yeast strains used in the wineries of the two countries
[17]. The results had shown that the discriminatory
power of microsatellite typing using these six different
loci, and that of mtDNA RFLP patterns generated by
the enzyme HinfI, was the same and similar to that of
karyotype analysis. Among the 23 commercial yeast
strains analysed, 21 different patterns were obtained
using the first two methods and 22 using the last. Due
to the verified similarity of the discriminatory power
of these methods, any of them can be used for our study,
with comparable results.

The analysis of genetic profiles of 2355 out of 3780
Saccharomyces isolates resulted in the identification of
296 commercial yeasts, representing 7.8% of the fermen-
tative yeast community (Table 4), the majority of which
(5.8%) were recovered in post-harvest campaigns (Fig.
2). It should be noted that in this study fermentation
is used as an enrichment tool for Saccharomyces strains.
Therefore, the present results do not allow conclusions
about the number of strains occurring on the surface
of the grape, which is in fact very low, but reflect only
those strains that could possibly have some enological
use. Instead, the number of fermentations with at least
one commercial yeast strain gives a better picture of
the situation as it occurs in vineyards; commercial yeast
2003 Total

ce Portugal France Portugal

18 36 36 198
12 15 23 126
360 450 690 3780
360 209 690 2355
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Fig. 2. Global composition of the yeast communities isolated from each site at the six wineries during the pre- and post-harvest sampling campaigns
over the three years. The motifs show the presence of commercial yeasts, light grey indicates other Saccharomyces strains and dark grey the non-
Saccharomyces strains. Nf: no fermentation; Nc: not collected.

Table 4
Commercial yeast strains recovered in each vineyard over the three years studied

Vineyards A B C D E F Total

Spontaneous fermentations 19 24 29 16 23 15 126
Spontaneous fermentations withP 1 commercial yeast strains 0 2 1 11 9 2 25
Isolates 570 720 870 480 690 450 3780
Commercial yeast strains 0 15a 1 206 54 + 18a 2 296
% Commercial yeast/number of isolates 0 2 0.1 43 10 0.5 7.8

a Commercial yeasts initially isolated in the same region.
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strains were recovered from 12% of the samples (Tables
3 and 4).

These global data reflect very different situations. In
the vineyards where the sampling sites were placed at
a greater distance from the winery, i.e., vineyard F in
Portugal and the three French vineyards (A–C), the
occurrence of commercial yeasts was very low, repre-
senting between 0% and 2% of the fermentative commu-
nity, and these strains were isolated from only five
samples (Table 4). In France, the genetic profile of 16
clones out of 735 Saccharomyces isolates (2%) was iden-
tical to that of commercial yeasts (Fig. 2). These strains
corresponded to 0.8% of the yeast strains isolated after
fermentation. With only one exception, these strains
(fifteen isolates) had a profile identical to that of the
autochthonous strain ICV D254 and were found at the
same site (winery B), in pre-harvest samples taken in
2001 (Fig. 2). This fact could indicate previous dissemi-
nation, but this cannot be confirmed, since the commer-
cial yeast strain ICV D254 was initially isolated from the
same region in the south of France (Table 2) where the
study was carried out. No commercial yeasts were found
YM95NC Attachment -- Page 312



Fig. 3. Examples of molecular fingerprinting of commercial yeasts and natural isolates (indicated by numbers). (a) Chromosomal profiles of
commercial yeasts and natural isolates from France. Profiles 4–6 are identical to ICV-D254. (b) mtDNA RFLP profiles of commercial yeasts and
natural isolates from Portugal. Profiles 245, 13, 5, 105, 157, 12 and 32 are identical to Zymaflore VL3, F10, F15, Lalvin QA23, ICV-D254, Zymaflore
VL1 and Uvaferm BDX, respectively.
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from winery A and one colony, isolated in 2003 from
winery C (site 3), had the same profile as K1M ICV-
INRA, used in the three French wineries for the last
5–15 years. It is noteworthy that this yeast, which has
been used extensively for a considerable length of time,
has never been found in the vineyard, except in this case.
The same situation occurs in the Portuguese winery F,
where only two isolates were found with the same profile
as the extensively used commercial yeast, Zymaflore
VL1, in use for five years. Since strain ICV D254 was
initially isolated in the region from which it was recov-
ered, dissemination in these four vineyards was proved
only by the presence of three isolates (0.1% of the fer-
mentative flora), one of K1M ICV-INRA and two of
Zymaflore VL1. Their presence might be considered to
be due to immediate dissemination, probably mediated
by insects or another occasional dissemination vector.
It is, in any case, evident that the presence of the
most-widely used commercial yeasts for the last 5–10
years in French (i.e., K1M ICV-INRA) and in Portu-
guese wineries (i.e., Zymaflora VL1) was incidental
and that these yeasts hardly ever dominated the micro-
flora of any of these four vineyards. These results, in
accordance with those obtained previously in South-
African vineyards [12,13], indicate a very low level of
dissemination/implantation of commercial yeasts in the
vineyard ecosystem.

The results were very different in the Portuguese win-
eries D and E, for which a high number of commercial
strains was isolated from 20 spontaneous fermentations,
representing 43% and 10% of the fermentative yeast
community, respectively. Indeed, the large majority
(94%) of the commercial strains isolated within the six
vineyards were recovered from these two vineyards only,
and 70% solely from vineyard D. It can be observed
from Figs. 1 and 2 that the majority of the commercial
strains in these two vineyards were isolated from sites
closest to the winery, namely sites 4–6 in vineyard D
and sites 1, 2 and 6 in vineyard E. The major difference
between these two vineyards and the four others is that
the sample sites in the first two were located in close
proximity to the winery (Fig. 1). In addition, the pres-
ence of water run-off at these sites indicates that dissem-
ination is probably largely favoured by liquid effluents.
In vineyard D, due to the ground inclination, water
run-off flowing from the winery to the vine may contrib-
ute to the frequent occurrence of commercial strains at
these sites. It is also noteworthy that site 1 of winery
E, where the highest number of VL1 strains was recov-
ered, is located close to a rill that transports run-off
water from the winery, emphasizing the importance of
water as a vehicle for yeast strain dissemination. Fur-
thermore, the dumping site of macerated grape skins
also is adjacent to site 1, constituting a fermenting sug-
ary substrate harbouring large amounts of yeasts that
can be distributed throughout the vineyard.

An overview of the dissemination of commercial
strains in relation to their distance from the winery is
shown in Fig. 4. Of the commercial strains, 94% were
found in a radius of around 10–200 m from the winery
and a large majority (78%) was recovered at sites very
close (10–50 m) to the wineries (vineyards D and E). A
major proportion (73%) was collected in post-harvest
campaigns, indicating immediate dissemination. With
the exception of the autochthonous ICV D254 strain
collected in French winery B, commercial yeasts in
pre-harvest campaigns were only collected at sites very
close to winery D (10–50 m) and the strain found in
the greatest quantity (87%) was Zymaflore F15. In the
post-harvest samples, strain VL1 represented 49% of
the commercial strains recovered. This strain was de-
rived from sites close to the area where macerated grape
skin was deposited or water run-off occurred, and never
further than 10–20 m from the winery (Figs. 1 and 2). A
lower percentage of the other predominant strains:
Zymaflore F10 and F15, the formerly used minority
strains Uvaferm BDX and ICV D254, and the autoch-
thonous strain Lalvin QA23, were found at sites closer
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Fig. 4. Overall distribution during three years of commercial yeast
strains according to the distance from the wineries in pre-harvest (a)
and in post-harvest (b) campaigns.
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to the winery (10–50 m). Zymaflore F15, F10 and ICV
D254 were also found at about 100 m from the winery.
The occurrence of several isolates found at 200 m (site 1,
winery D) can be attributed to the presence of a small
Table 5
Origin of 296 strains with genetic patterns identical to commercial yeast stra

Commercial wine strains Number of strains with
identical genetic pattern

Wineries
strains w

Zymaflore VL1 99 D, E, F
Zymaflore F15 74 D
ICV D254 68 A, B, C,
Zymaflore F10 24 D
Lalvin QA23 19 A
Uvaferm BDX 9 Da

K1M ICV-INRA 1 A, B, C
Zymaflore VL3 1 C, D
Lalvin CY 3079 1 D, E, F

a Used before the study
b Isolated in the same region.
building for storage of harvest transport equipment.
Two samples taken in France at a distance of 400 and
1000 m contained yeasts with a karyotype identical to
that of the indigenous strain ICV D254. In very rare
cases, dissemination to sites located further away from
the winery (i.e., two isolates at 400 m and one at
1000 m from a total of 3780 strains) was revealed and
may be attributable to other factors, such as insects or
wind.

3.3. Dissemination of commercial strains as a function of

their utilisation

As shown in Table 5, the 296 strains collected had a
genetic profile identical to that of only nine commercial
yeast strains from a total of 34 strains used in the six
wineries. In most instances, the strains with a profile
similar to that of a commercial strain were recovered
from a vineyard in which the same commercial yeast
was used, except for ICV D254 and Uvaferm BDX,
which were collected in vineyard D and not used there
during the study. However, these strains had been used
previously (1998–2000) in the same vineyard. The other
exception was strain Lalvin QA23, which was used in
vineyard A and collected only from vineyard E. Since
this strain had initially been isolated in this Portuguese
region, the most likely explanation is that the strain iso-
lated in vineyard E is not the result of dissemination, but
that it is a member of the indigenous yeast community.

The industrial yeasts most commonly used in the win-
eries were usually collected in great abundance in the
vineyard. However, this was not always the case, be-
cause the strain K1M ICV-INRA was the most widely
used in the three French wineries and only one isolate
out of 2160 isolates collected in France had a genotypic
pattern identical to that of this strain. In Portuguese
wineries, Zymaflore VL1 was predominantly and contin-
uously used for more than 10 years, followed by Zymaf-
lore F10 and VL3 (Table 1). The strains VL1 and F10
were frequently recovered, but this could be due to the
fact that the sites where they had been collected were
ins used in the wineries

were these
ere used

Vineyard were these
strains were collected

Utilization level
during the 3 years

D, E, F +++
D +

Da Bb, D ++
D ++
Eb +
D –
C +++
D +
E +
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located close to the winery (i.e., vineyards D or E, Fig.
2). The strain Zymaflore F15, although frequently col-
lected in the same vineyard D, was used to a lesser ex-
tent. Over the period of the study, Zymaflore VL3 was
also widely used in Portuguese wineries, and the genetic
profile of only one isolate was identical to this commer-
cial yeast. As a whole, these data indicate that there is no
strict correlation between the utilisation level and the
frequency of dissemination.

3.4. Evolution of the fermentative yeast community

The evolution of the total yeast community isolated
after fermentation in the different wineries of France
Fig. 5. Evolution of the total fermentative yeast communities from each of
harvest campaigns.
and Portugal during the three years studied is shown
in Fig. 5. From a total of 296 commercial yeasts recov-
ered during this period in the six vineyards, 76% were
found in 2001, in pre- and post-harvest samples col-
lected in vineyard D and in post-harvest samples col-
lected in vineyard E. In the following two years
commercial yeasts were detected only in certain post-
harvest but not in pre-harvest samples. As can be ob-
served in Fig. 5, five different commercial yeast strains
were found in the pre-harvest campaign of winery D
in 2001, namely the predominantly used strains VL1,
F10 and F15, and in much smaller quantities the strains
Uvaferm BDX and ICV D254, used from 1998 to 2000,
thus showing their survival in the vineyard from one
the wineries (A–F) during the three years in pre-harvest and in post-
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year to another. However, given that the two latter
strains appeared in 2001 only, their permanence was
limited.

The commercial yeasts collected at each site were nev-
ertheless different. The highest number of Zymaflore
VL1 isolates was obtained from grapes collected after
harvest at site 4, whereas in samples collected before
harvest, VL1 and F10 rarely occurred. This contrasts
to the abundance of the strain F15 in the pre-harvest
campaign of 2001 at sites 4 and 6 (Fig. 2). These data
suggest a better ability of strain Zymaflore F15 to re-
main in the vineyard, although no isolate of strain F15
was found in 2002 and only one in 2003 (Figs. 2 and
4). In this winery no samples were collected in the
post-harvest campaign of 2002, and a lower quantity
of commercial yeasts was found in 2003. In addition,
the presence of one isolate of Zymaflore VL3, not pres-
ent in 2001, was detected. In the post-harvest campaign
of 2001, two commercial yeast strains, Zymaflore VL1
and the autochthonous yeast Lalvin QA23, were iso-
lated in winery E. This last strain was the only commer-
cial yeast found in the same winery in 2002, but it was
not present in 2003. On the other hand, Zymaflore
VL1 was not found in this winery in 2002, but was pres-
ent in 2003, although in lower proportions. The situa-
tion observed in Portuguese winery F, as described
previously, was similar to that in French wineries. No
commercial yeasts were detected in 2001 and 2002, and
only two isolates of Zymaflora VL1 were found in
2003. In winery B, the autochthonous strain ICV
D254 was found in the pre-harvest campaign in 2001,
but did not occur in the following years. Only one iso-
late of K1M ICV-INRA was found in 2003 in winery
C. As a whole, the evolution of the fermentative yeast
communities over the three years studied showed that
the same strains were not found at the same sites from
one year to another. This indicates that, if some of these
strains are able to remain in the ecosystem, as suggested
by the presence of commercial yeasts in pre-harvest sam-
ples taken in 2001 in Portugal, they are not capable of
dominating the natural yeast community of the
vineyard.

In conclusion, this systematic study has provided new
insights in relation to the impact of commercial yeasts
on the communities of fermentative yeasts that inhabit
surrounding vineyards. The methodology used, based
on analysis of the yeast community after spontaneous
fermentation, permitted the isolation of a very large
number of Saccharomyces wine yeasts, which are poorly
found on the grapes. A significant number of non-Sac-
charomyces strains was also found in the spontaneous
fermentations from the French samples, but not from
the Portuguese grape musts (Table 3). Climatic factors
and differences in phytosanitary treatment may be the
cause of these discrepancies. In future studies, the occur-
rence of non-Saccharomyces strains during fermentation
could be reduced by adding SO2 to the grape musts prior
to fermentation. It is important to mention that among
the 30 colonies analyzed per fermentation, the number
of different genetic profiles varied from 1 to 21, with
an average of about five different Saccharomyces bio-
types per sample ([22] and unpublished data). This re-
flects great differences in the samples regarding the
presence of Saccharomyces. These data also demonstrate
that the number of colonies analysed per sample was
high enough to show the initial biodiversity. For future
studies, increasing the initial amount of grapes collected
may increase the number of spontaneous fermentations
and therefore of S. cerevisiae strains isolated.

Data obtained in the present study show that dis-
semination of commercial yeasts in the vineyard is re-
stricted to short distances and limited periods of time.
More than 90% of commercial yeasts were found at a
radius between 10 and 200 m from the winery and did
not become implanted in the ecosystem in a systematic
way. Dispersal of commercial strains seems to be
mainly mediated by water run-off and may also derive
from macerated grape skin at dumping sites. This sit-
uation was observed during the habitual functioning
of a winery, where commercial strains are used with-
out any containment. Avoiding grape skin deposition
and canalisation of water run-off are low-cost mea-
sures, which can significantly reduce the population
size of commercial yeast strains around the winery.

Given that they are used in large quantities, commer-
cial strains tend to out-compete autochthonous strains
inside the winery [21]. In contrast, they do not seem to
settle in the vineyard. Rather, they show natural fluctu-
ations of periodical appearance and disappearance, just
like autochthonous strains do. Moreover, vine-associated
autochthonous Saccharomyces biodiversity is not
affected by long-term use of commercial yeasts [22].
Considering commercial yeast strains as an appropriate
model system for genetically modified yeast strains, our
data can contribute to the in-depth environmental-risk
assessment concerning the use of such strains in the wine
industry.
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a b s t r a c t

Aims: We describe the development and interlaboratory study of modified Saccharomyces cerevisiae as
a candidate material to evaluate a full detection workflow including DNA extraction and quantitative
polymerase chain reaction (qPCR).
Methods and results: S. cerevisiae NE095 was prepared by stable insertion of DNA sequence External RNA
Control Consortium-00095 into S. cerevisiae BY4739 to convey selectivity. For the interlaboratory study, a
binomial regression model was used to select three cell concentrations, high (4 × 107 cells ml−1), interme-
diate (4 × 105 cells ml−1) and low (4 × 103 cells ml−1), and the number of samples per concentration. Seven
participants, including potential end users, had combined rates of positive qPCR detection (quantification
cycle <37) of 100%, 40%, and 0% for high, intermediate, and low concentrations, respectively.
Conclusions: The NE095 strain was successfully detected by all participants, with the high concentration
PCR
eference material

indicating a potential target concentration for a reference material.
Significance and impact of the study: The engineered yeast has potential to support measurement assur-
ance for the analytical process of qPCR, encompassing the method, equipment, and operator, to increase
confidence in results and better inform decision-making in areas of applied microbiology. This material
can also support process assessment for other DNA-based detection technologies.

Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://
. Introduction

Data of high quality is essential in microbial detection, identi-
cation, and quantification because of the impact these organisms
pathogenic and beneficial) have on human life in areas includ-
ng environmental monitoring, food safety, biothreat detection, and
linical outbreaks [1–3]. Despite the importance, analysis of micro-
ial samples remains a practical and technological challenge when
t comes to confidence in the measurements, especially for mea-
urements made at the point of need or point of care where results
re used to inform critical decision-making. In the biodefense field,
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ngton, DC, USA.

ttp://dx.doi.org/10.1016/j.bdq.2016.01.001
214-7535/Published by Elsevier GmbH. This is an open access article under the CC BY-N
creativecommons.org/licenses/by-nc-nd/4.0/).

for example, there are over 300 technologies marketed for use in
biological detection claiming the ability to detect pathogens (bio-
threats) in suspicious materials [4–6]. However, there remains a
scarcity of standards, reference materials, and third-party testing to
demonstrate the reliability of these technologies in the hands of end
users, despite considerable efforts by the stakeholder community
and Federal government. Only a few commercially available biode-
tection technologies have been submitted to third-party validation,
including the RazorTM EX BioDetection System [7], a qPCR-based
assay.

qPCR is a well-established technique that provides selectivity
and sensitivity in detecting nucleic acid markers [8,9]. However,
obtaining reliable data can be challenging because of factors that
compromise nucleic acid amplification such as residue from the

crude sample (matrix effect) [10]. In addition, measurement inac-
curacy as a result of sample collection, processing, and nucleic acid
extraction is often observed [10–13]. The absence of method val-
idation brings into question the reliability of the generated data

C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Workflow steps for a downstream qPCR sample analysis. Analogous to a
traffic light, the unsuccessful detection of a reference material provides a red light
indicating the analytical process is unsuccessful and potentially helping identify the
source of the problem. Successful detection of the material provides a yellow light
indicating that the analytical process is working properly, that is the methods are
appropriate, the equipment is functioning, and the user is proficient in the required
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Eurofins MWG Operon, Alabama, USA) (Supplemental material:
kills. There is no green light since the material cannot be used to validate a specific
etection assay for an organism of interest.

14]. Further, even with the use of a successful detection assay, such
s the Biothreat Panel multiplexed PCR-based assay for the detec-
ion of Bacillus anthracis, Francisella tularensis and Yersinia pestis or
he rapid, high-throughput, culture-based PCR methods to analyze
amples for viable spores of B. anthracis and its surrogates [15],
he final result in the field still depends upon the entire analytical
rocess. The process includes the methods and protocols, the mea-
urement workflow which encompasses all steps applied to obtain
he final result, the performance of the equipment at the point of
eed, operator capabilities and skills, and proficiency testing. With-
ut all of these components in place, results cannot be used with
onfidence to support decision-making.

Control materials can serve to evaluate or validate analyti-
al processes, establish reliable and comparable analytical results
mong laboratories or analysts through proficiency testing or
ompetence assessment, and verify accuracy of measurement per-
ormance on a daily basis [16]. For example, human DNA Standard
eference Materials (SRMs) are used in the forensics commu-
ity to reduce variability within and among laboratories [17,18].
ontrol materials are typically thoroughly characterized using
easurement methods with well understood biases and variability.
easurement controls such as reference materials can help provide

onfidence in the application of qPCR to microbial measurements,
ith the format of the material enabling performance evaluation at

arious workflow steps (Fig. 1). For instance, a reference material
an be mixed into a matrix of interest to demonstrate a successful
NA extraction step, which is highly susceptible to matrix effects.
he use of a reference material to demonstrate a successful qPCR
nalytical process can increase confidence when the measurement
apability is applied in a real-case scenario, such as in a clinical
etting, environmental monitoring, or biothreat scenario.

One promising organism to meet these needs for a qPCR refer-
nce material is Saccharomyces cerevisiae (S. cerevisiae), a eukaryotic

odel system widely used in biology fields such as bioengineering

19]. Yeast can be genetically modified to enable specific detection
nd offers a low DNA extraction efficiency to challenge extrac-
and Quantification 7 (2016) 27–33

tion protocols [11]. Its physiological resilience under low nutrient
conditions and stability under various environmental conditions
make yeast suitable for different formats, including a liquid or pow-
der, for broader applicability. Moreover, S. cerevisiae has minimal
health and security risks and can be handled without special pre-
cautions or training. It can therefore serve as a surrogate material
for routine training and process evaluation in applications where
the true agent of interest is a pathogen or threat agent and not eas-
ily used. Further, use of the yeast, and not the agent of interest, can
essentially eliminate false positives during real microbial detection
situations due to residual material on equipment.

The presence of a non-native target DNA sequence in the yeast
genome can eliminate false positives from near-neighbor organ-
isms. For specificity, the target sequence should be rare and not
typically found in the environment of interest. NIST SRM 2374 con-
tains a series of nucleic acid sequences selected by the External
RNA Control Consortium (ERCC) as control sequences that are rarely
(if at all) found in normal environmental conditions (temperature
and pressure). One such sequence is ERCC-00095, derived from
Methanocaldococcus jannaschii, a deep-sea vent archaeon found
only in extremely harsh conditions (an extremophile).

The objective of this study was to develop a S. cerevisiae strain
containing a non-yeast target DNA insert and evaluate the strain
via interlaboratory study as a potential material for assessing the
qPCR analytical process, in efforts toward a reference material for
qPCR. Yeast cells were transformed by inserting the ERCC-00095
DNA sequence into the yeast genome. The modified yeast strain,
termed NE095, was prepared at three different cell concentrations
and evaluated using qPCR in an interlaboratory pilot study involv-
ing five public health laboratories, one mobile laboratory and one
in-house laboratory. The NE095 was detectable at the expected
concentrations in multiple laboratories and is suitable for a ref-
erence material.

2. Materials and methods

2.1. Preparation and characterization of engineered S. cerevisiae

2.1.1. cerevisiae transformation
The parent organism was a URA3 deficient yeast strain: Sac-

charomyces cerevisiae BY4739 (MATalpha leu2�0 lys2�0 ura3�0)
(procured from Open Biosystems) derived from S. cerevisiae S288C.
The URA3 gene encodes for orotidine-5′-phosphate decarboxylase
from S. cerevisiae S288C. A target DNA sequence and full-length
URA3 gene were inserted via homologous recombination into chro-
mosome IV of the yeast (Fig. 2, Supplemental material: S. cerevisiae
NE095 transformation, Figs. S1 and S2). The DNA insert was pre-
pared by ligating the target sequence, ERCC-00095 (from NIST SRM
2374, Genbank accession KC702204, without the polyA tail found
in the SRM), to the URA3 gene by overlapping PCR. The full-length
URA3 gene and URA3 promoter sequence were PCR amplified from
a pYES2 vector (Life Technologies, part # V825-20). See Supplemen-
tal material for detailed methods describing the transformation
process.

2.1.2. NE095 characterization
The presence of the insert was demonstrated by PCR, and the

sequence of the amplified insert, including the ERCC-00095 and
URA3 gene, was confirmed by Sanger sequencing (analyzed by
NE095 insert sequence confirmation, Figs. S3, S4, and S5). Once the
insert was demonstrated, the yeast cells were cultured in SD/-Ura
broth for subsequent experiments.
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Fig. 2. Map of final linear construct inserted into BY4739 chromosome IV. BY4739a is a 50 bp region homologous to Open Biosystems strain S. cerevisiae BY4739 and
corresponding to the non-coding region on chromosome IV between 544595 bp and 544644 bp. The full annotation of chromosome IV can be found at http://browse.
yeastgenome.org/fgb2/gbrowse/scgenome/. URA3 is a 1106 bp sequence that encodes S. cerevisiae S288C orotidine-5′-phosphate decarboxylase, an enzyme that catalyzes
the synthesis of pyrimidine ribonucleotides. The sequence was  PCR amplified from a pYES2 vector (Life Technologies, part # V825-20) and includes a working copy of the
804  bp URA3 gene (Gene ID: 856692) as well as the URA3 promoter sequence. ERCC-00095 represents a 438 bp sequence from NIST SRM 2374: DNA Sequence Library for
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RCC-00095 plasmid using primers 95F and 95R (Table S1). BY4739b is 51 bp homo
n  Open Biosystems strain S. cerevisiae BY4739.

.1.3. NE095 growth conditions and quantification via
icroscopy

NE095  cells were cultured in SD/-Ura broth overnight. Each cul-
ure was generated from one NE095 colony in 5 ml  of broth (30 ◦C,
16 h,) followed by a 25-fold dilution in broth and subsequent
rowth (30 ◦C, ∼8 h). The number of replicate yeast cultures used for
ach set of experiments was as follows: binomial regression anal-
sis (n = 8), stability study (n = 5) and interlaboratory study (n = 1).
amples for the interlaboratory study were collected from a single
ulture to assure that all participants obtained cells from the same
atch. Variability in number of cells between batches under the
elected experimental conditions was determined by cell count-
ng while live/dead staining experiments were applied to estimate
ell viability under different storage condition (see Supplemental
aterial: S. cerevisiae NE095 material stability, Figs. S8, S9, and S10).

ells were counted using a cellometer (disposable hemocytome-
er) following the manufacturer’s instructions (Nexcelom, USA).
ellometers were loaded with yeast and imaged, and counts were
erformed using Image J software (version 1.47 v) [20]. Throughout
his work, data are represented as the mean value ± one standard
eviation, where the standard deviation serves as the estimate for
he standard uncertainty.

.1.4.  DNA extraction and qPCR detection assay
The following protocol was used to analyze the genomic DNA

gDNA) for the yeast stability study and interlaboratory study, and
o generate the regression model. gDNA from NE095 cells was
xtracted using 200 �l (800 cells, 8 × 104 cells, or 8 × 106 cells for
ow, intermediate, and high concentrations, respectively) aliquots
f cells and a QIAamp DNA Blood Mini Kit (cat# 51104 QIAGEN,
SA). The spin protocol for DNA purification from blood or body flu-

ds was followed according to the manufacturer’s directions with a
ew modifications. DNA was incubated at 56 ◦C for 1 h following the
ddition of protease and lysis buffer. Extracted DNA was  eluted in
00 �l elution buffer provided in the DNA extraction kit and stored
t 4 ◦C prior to downstream analysis.

qPCR  analysis was performed on a 7900HT PCR system (Life
echnologies, Carlsbad, CA), except in the interlaboratory study
here participants used their own qPCR technology. A TaqMan

AM-MGB primer and probe set was custom designed and syn-

hesized by Life Technologies (Life Technologies, Carlsbad, CA) to
mplify a 105 bp region of the ERCC-00095 sequence (Figs. S6
nd S7). The reaction mixture contained 10 �l of Environmen-
al MasterMix (Life Technologies, Carlsbad, CA), 4 �l of extracted
d from donor microorganism M.  jannaschii. The sequence was amplified from the
s to the non-coding region on chromosome IV between 545447 bp and 545497 bp

genomic  DNA, 1 �l of amplification primers and probe with the
following sequences: CAGTCATCTTTAACCTCATCCCACAA (forward
primer), CATTTGGCCCAAGAATTCATGGAAT (reverse primer), and
CCCACTCAACAATCTT (probe), and 5 �l of sterilized water. Reaction
conditions were: 5 min  at 50 ◦C, 10 min  at 95 ◦C for Taq polymerase
activation, and 50 cycles of 15 s at 95 ◦C, 1 min  at 60 ◦C for DNA
amplification. A gDNA standard curve was prepared via 10-fold
serial dilutions of the transformed yeast genomic DNA. The initial
concentration was estimated by Nanodrop (Thermo Scientific, USA)
and Qubit (Invitrogen, USA). The efficiency of amplification (E) for
the transformed yeast using this customized qPCR assay (primers
and probes) was 98.4% (Fig. S7). All chemicals were purchased from
Fisher Scientific unless otherwise stated.

For the qPCR assay, primer and probe specificity was verified
using Primer BLAST (results available at http://dx.doi.org/10.6084/
m9.figshare.875419).  Three primer combinations were compared
to  the GenBank nr database using Primer BLAST: forward-reverse,
forward-probe, and probe-reverse. The only matches to the
database for the primer-probe set were to M. jannaschii DSM
2661 (GenBank Accession: CP001781.1) and Methanocaldococcus
vulcanius M7  complete genomes (L77117.1) as well as the ERCC-
00095 (KC702204.1) and M. jannaschii spike-in control MJ-500-42
(DQ516759.1). The probe and reverse primer sequences had no
mismatches to the Methanocaldococcus sequences or ERCC-00095,
whereas the forward primer had two mismatches at the 5′ end
(positions 1 and 3) to the M. vulcanius M7  genome, and three
mismatches at the 5′ end (positions 1–3) for the M.  jannaschii spike-
in control MJ-500-42, ERCC-00095, and M.  jannaschii DSM 2661
genome.

2.2. Interlaboratory study

2.2.1.  Experimental design and statistical analysis approach
A  logistic regression model was used to develop the experi-

mental design for the interlaboratory study [21], specifically the
cell concentrations and number of samples per concentration to
include in the sample panel. To generate the regression model, four
independent cultures were grown on two  separate days with an
average cell concentration of (6.3 ± 0.8) × 107 cells ml−1 (n = 8). A
ten-fold cell dilution series was  generated for each culture with cell

concentrations ranging from 103 cells ml−1 to 107 cells ml−1. gDNA
extracted from the cells was analyzed using the qPCR protocol
described above. Samples were scored as positive if the quantifi-
cation cycle (Cq) for detecting the ERCC-00095 insert was less than
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Fig. 3. Logistic regression model. The model was generated based on the number
of  positive qPCR reactions (at least 1 of 3 reactions with a Cq value <37) using a cell
0 S.M. Da Silva et al. / Biomolecular De

7 for at least one of the triplicate reactions. The same Cq value
riterion was applied to evaluate the raw data from the interlab-
ratory study. The qPCR data were analyzed using the statistical
rogramming language R [22]. Source code and raw data for the
inomial regression can be found at the following location: (http://
x.doi.org/10.6084/m9.figshare.875419).

.2.2. Participants
Participants consisted of five public health laboratories, one

obile laboratory, and one in-house laboratory; six of these par-
icipants are laboratories currently active in the biosurveillance
ommunity. Each participant received the yeast sample panel, DNA
xtraction kit, primers and probes, and a detailed protocol (Supple-
ental material: Interlaboratory SOP). Participants used either the
pplied Biosystems Instruments (ABI) 7500 or the Joint Biological
gent Identification and Diagnostic System (JBAIDS) platform for
PCR. To assure an even execution of the experiments, participants
eported to the organizer laboratory the arrival date and condition
f the sample panel, the platform and software used to process the
amples and collect data, and any deviation from the recommended
rotocol. All participants submitted their results to the organizer

aboratory within one week.

.2.3. Yeast sample panel
Based upon the logistic regression model results, each sam-

le panel was composed of ten randomized blinded samples:
 5% ethanol no template-control (blank), and nine yeast sam-
les as follows: low (4.0 × 103 cells ml−1, n = 2), intermediate
4.0 × 105 cells ml−1, n = 5), and high (4.0 × 107 cells ml−1, n = 2). All
amples in the panel came from a single overnight cell culture batch
nd were quantified by cell counting using a cellometer. Samples
ere shipped in 5% ethanol, a condition selected to maintain cell

nd DNA integrity for short term (2 weeks), liquid storage at room
emperature. Stability of cells under the conditions used in the
nterlaboratory study was demonstrated by live/dead staining and
PCR as detailed in supporting information.

.2.4. Statistical analysis for intermediate samples
The experimental design generated 35 intermediate concentra-

ion samples, which were prepared and distributed among seven
abs (five samples to each lab; samples are nested within lab). In

ost cases, three replicate Cq measurements were taken for each
ample. Measurements with undetermined runs (no detection at
ll) were modeled as being right-censored at 40 (i.e., the corre-
ponding observed Cq was assumed to be greater than 40, but
therwise unknown). Let Cqijk

denote the natural log of the Cq value
bserved in replicate measurement k from sample j at labi. We
nalyzed the observed data with the following random effects or
ierarchical model:

n(Cqijk
) = � + ˛i + ˇjεijk

here � denotes a global average ln(Cq) across all labs and
amples, ˛i∼Normal

(
0, �2

lab

)
is a random effect for lab i

i  = 1, . . .,  5, 7),  ˇj∼Normal
(

0, �2
sample

)
is a random effect for sam-

le j (j  = 1, . . .,  25, 31, . . .,  35),  and εijk∼Normal
(

0, �2
error

)
is a

andom error corresponding to replicate measurement k from
ample j at lab i. Each variance component is assigned a prior
istribution such that �lab, �sample and �error follow a uniform dis-
ribution between 0 and 0.5. The overall mean � was assigned a
niform prior distribution from 3 to 3.9, corresponding to a range of

ean Cq values given by (20.1, 49.4). The posterior distributions of

he model parameters �, �lab, �sample and �error given the observed
ata were evaluated using Markov chain Monte Carlo simulation
ia the R package rjags. The simulation included 5 chains, each
dilution series from 8 independent cultures. The filled circles represent the experi-
mental data. The solid and dashed lines indicate the regression model and the 95%
pointwise confidence interval, respectively.

recording 10,000 observations following a 50,000 iteration burn
in.

3. Results

3.1. NE095 characterization

The  DNA insert was successfully prepared and incorporated into
chromosome IV to produce the NE095 strain. NE095 has a func-
tional URA3 gene and otherwise is not anticipated to have any other
changes in phenotype or traits. The modified yeast strain grows
under typical conditions in uracil-deficient medium, as expected.
Sequencing confirmed the presence of the expected 1,645 bp insert,
including the functional URA3 gene and the ERCC-00095 sequence
(Fig. S5). In addition, the insert was successfully amplified by
the selected qPCR primers and probes. An alignment of the qPCR
primers with the de-novo assembly of the insert sequence revealed
insertions 4 bp from the 5′ end of the forward and reverse primers
(Fig. S6). Additionally, positions 1–3 from the 5′ end of the forward
primer that were in disagreement with the GenBank sequences,
due to the previously identified insertions, as identified with Primer
BLAST agree with the Sanger sequence data. Primer mismatches can
decrease assay efficiency; however the mismatches are at the 5′ end
and less likely to impact the qPCR assay efficiency [23]. Even with
the mismatches the qPCR assay efficiency was over 98%, which is
suitable for quantitative assays.

The stability of the NE095 was  monitored at room tempera-
ture in three different storage conditions, where it was  determined
that 5% ethanol was  a suitable storage condition for the time frame
required in the interlaboratory study (see supporting information).
In 5% ethanol, no change in cell concentration was  observed after
two weeks of storage (p > 0.05) (Table S4). The stability of the
yeast (membrane integrity) in the medium was  also confirmed by
live/dead staining while the integrity of the DNA was confirmed
using qPCR (Figs. S8, S9, S10).

3.2. Experimental design for the interlaboratory study
The  appropriate sample concentrations for the interlaboratory
study were determined by fitting the qPCR results from a dilu-
tion series of yeast cells to a binomial regression model (Fig. 3)
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he probability of detection for a sample with 107 cells ml−1 was
9.7% with a 95% confidence interval of 83.6–99.9%. The probabil-

ty of detection for a sample with a concentration of 103 cells ml−1

as 4.2 × 10−3% with a 95% confidence interval of 3.6 × 10−6%
o 4.7%. Based on these probabilities of detection, 103 cells ml−1

nd 107 cells ml−1 were chosen as the negative and positive con-
rol samples, respectively. A concentration of 1.9 × 106 cells ml−1

ad a 50% probability of detection with a 95% confidence inter-
al for detection of 18–81% based on the generated regression
odel. However, because of an observed increase in DNA recov-

ry with storage time (Fig. S10), a lower sample concentration
105 cells ml−1) was chosen as the intermediate value to repre-
ent samples near the limit of detection. That concentration had

 0.0052% probability of detection with a 95% confidence interval
f 0.0001–21%. Five samples were distributed to the participants for
he intermediate concentration, compared to 2 samples for the high
nd low concentration samples, to increase the statistical power to
ssess probability of detection at the intermediate concentration.

.3.  Interlaboratory study

A  total of 190 qPCR data points were collected from the inter-
aboratory study (Fig. 4). Laboratory 4 ran single qPCR reactions
nstead of the triplicate reactions requested in the provided proto-
ol. Despite the single run, the data were otherwise suitable to be
ncluded in the analysis. Laboratory 6 extracted DNA from 400 �l of
ells, as opposed to 200 �l as described in the protocol, and obtained
he lowest quantification cycle (Cq) values for the high concentra-
ion samples. Thus, data from laboratory 6 were excluded from
urther analysis because of deviations from the provided protocol.
otential contamination was monitored by blank samples (data not
hown) and no detection was observed as expected. High concen-
ration (107 cells ml−1) samples were positive (detection) across
ll laboratories while low samples (103 cells ml−1) scored nega-
ive since any detectable Cq values (43.1 and 38.5) were above the
hreshold of 37. For intermediate samples (105 cells ml−1), 40% of
he samples (12 out of 30) were scored as positive, suggesting that
his concentration is approaching the yeast concentration required
o produce a positive qPCR signal in essentially all measurements.

According to the posterior distributions of their respective
ariance parameters, the probability that the variability due to dif-
erences between labs exceeds the variability due to differences
etween samples is 80%. That is, in 80% of the simulated itera-
ions the standard deviation parameter for the labs, �lab, had a
arger value than the standard deviation parameter for the sam-
les, �sample. The posterior median of �lab/�sample is 1.54, with a
5% posterior credible interval given by (0.50, 5.44) (Fig. S11).

.  Discussion

In this study we aimed to demonstrate the use of yeast as
 candidate reference material in a workflow composed of var-
ous steps that are not necessarily measurable individually, and

e envision the yeast having broader application, such as to
ssess performance parameters related to quantitative methods.
e successfully developed S. cerevisiae NE095, a yeast strain with

 stable DNA insertion for qPCR measurements, and demonstrated
ts detection in the hands of potential users via interlaboratory
tudy. This work demonstrates the potential of the yeast material
o be further developed into a reference material to evaluate pro-
esses associated with nucleic acid-based detection technologies.

he insert incorporated into the yeast genome attributes specificity
y eliminating the risk of false positive amplification from environ-
ental background, near-neighbor organisms, or contaminants.

ecause the yeast is a versatile organism that can be manipulated
 and Quantification 7 (2016) 27–33 31

in  a broad range of environments, the authors foresee its use as a
reference material in multiple areas of microbial detection includ-
ing environmental monitoring, food safety, biothreat detection, and
clinical outbreaks.

The  modified yeast strain was  developed to evaluate analytical
processes used for microbial measurements and to instill confi-
dence in measurement capabilities, particularly for applications
where critical decision-making depends upon the measurement
results. NE095 can challenge nucleic acid detection technologies
and processes through using a pre-determined amount of cells in
a typical qPCR workflow (e.g., sample collection, DNA extraction,
qPCR with a custom assay for the target DNA sequence) with the
expectation of positive detection. Qualitative assessment would
provide a yes/no answer to detection, whereas lack of detection
may indicate error in sample processing or defective equipment.
When used for quantitative assessment, NE095 can evaluate the
efficiency of the analytical process, track changes in efficiency
over time, or determine the effects of modifications in the pro-
cess or operator skills on efficiency. Additionally, NE095 can be
used as a confidence checker (to assure correct equipment func-
tion), in proficiency testing, training, and other applications. It is
noteworthy to mention that NE095 is not designed to validate
detection assays/technologies for a specific organism of interest
(e.g., pathogen or biothreat) but rather the analytical process in
place to assure that it is working properly.

The probability of detection at a given concentration was mod-
eled using binomial regression with a logistic link function (Fig. 3).
Binomial regression has been used traditionally in toxicology stud-
ies [24] but has gained application in microbiology in the last
10 years. For instance, Janse et al. [25] used binomial regres-
sion analysis to support the development of a rapid qPCR assay
to distinguish Burkholderia mallei and Burkholderia pseudomallei
strains, two  closely related, highly virulent bacteria. Results from
the regression model were used to select the concentration levels,
including a positive control (high concentration), negative control
(low concentration), and intermediate concentration samples, for
the interlaboratory study. We  believe the logistic regression model
was adequate for this study, where the main goal was to deter-
mine the probability of detection at various concentration levels,
e.g., probit [26].

The  interlaboratory study revealed that all participants suc-
ceeded in detecting the yeast as predicted by the organizer
laboratory. Laboratories 4 and 5 observed Cq’s for samples at the
low concentration level (103 cells ml−1); however those values did
not meet the established criteria for positive scoring (Cq < 37) and
were therefore scored as negative in agreement with predictions.
Although a common cycle threshold for qPCR analysis is 40, a
threshold of 37 was  selected to reduce the chance of false pos-
itives due to low levels of contamination or instrument noise.
Statistical analysis also showed that variability between samples
(within labs) is about the same scale as the variability between
repeated measurements made on a single sample (within sam-
ple) (Fig. S11). The estimated variability among laboratories is
larger than the estimated variability between samples and between
repeated measurements for 80% of the iterations. Variations in Cq
values observed across all laboratories might be due to differences
in arrival date, sample processing date, calibration of the qPCR
instrument, adherence to the distributed protocol, or other factors.

This work is the initial phase of a larger project with the end goal
of providing a material for process evaluation in qPCR and other
nucleic acid-based techniques as a means to improve confidence
in the analytical process and ultimately the measurement results.

This study established cell concentrations that can be expected to
produce a positive or negative qPCR result using this protocol and
gives insight into an appropriate cell concentration for the devel-
opment of a reference material. The next step is to preserve the
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Fig. 4. Boxplots describing the quantification cycle (Cq) as a function of laboratory for the 10 samples analyzed in the interlaboratory study. The concentration of samples was
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ndividually randomized and blinded for each participant. The circles (�) in the plo
he  samples. A value of 45 was  assigned for undetectable Cq values in order to visua
ositive detection. Note that data from laboratory 6 were not included in the statis

east in a format that provides stability over longer time periods,
uch as a dry format (e.g., via lyophilization). Using the system
escribed herein, the results indicate that a yeast concentration of
07 cells ml−1 should result consistently in positive detection. Dry
east cells could be rehydrated to challenge the qPCR workflow or
rushed into a powder to challenge additional steps involved in
eld microbial risk assessment, such as sampling [27]. In addition
o challenging the qPCR analytical process, a quantitative reference

aterial composed of intact yeast cells has potential application
or a broad range of other processes where microbial cells or cell
omponents are measured.

.  Conclusions

The need for stable, well-characterized biological materials to
id in reproducible and reliable analytical processes and improve
onfidence in microbial measurements is relevant to nearly any
ctivity involving detection or quantification of microorganisms.
n this study, we describe the development and assessment of a
andidate material based on S. cerevisiae to evaluate nucleic-acid
ased detection technologies (e.g., qPCR). We  successfully incorpo-
ated the ERCC-00095 DNA sequence into the S. cerevisiae genome
o confer selectivity, and demonstrated via interlaboratory study
he detection of NE095 in blinded samples in the hands of poten-
ial future users. In addition to a qualitative (yes/no) detection of
he yeast, quantitative detection was also achieved by challenging
he capability of qPCR to detect predetermined cell concentrations.
hese results support the further development of NE095 as a refer-
nce material for qPCR technologies involved in microbial detection
nd risk assessment.
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Designation: E2458 − 17

Standard Practices for
Bulk Sample Collection and Swab Sample Collection of
Visible Powders Suspected of Being Biological Agents and
Toxins from Nonporous Surfaces1

This standard is issued under the fixed designation E2458; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 These practices address collection of visible powders
that are suspected biological agents and toxins from solid
nonporous surfaces using a bulk collection method, using a dry
swab and laminated card, followed by a swab sampling method
using a sterile moistened swab. Bulk powder samples are
collected and packaged in a manner that permits the maximum
amount of the sample to be safely transported to a reference
laboratory within the Centers for Disease Control and Preven-
tion (CDC) national Laboratory Response Network (LRN)2 for
confirmatory identification and safe storage. If the source of the
powder is a letter or small package, that item is also packaged
in a manner that permits it to be safely transported to an LRN
reference laboratory. A sterile moistened swab may be used to
collect residual powder from the nonporous surface and may be
used to conduct on-site biological assessments for the purpose
of testing for biological agents and toxins.

1.2 These practices are performed in coordination with the
Federal Bureau of Investigation (FBI) as part of a risk
assessment including hazard assessment and threat credibility
evaluation as recommended and clarified in Guide E2770. The
decision to implement these practices and collect a public
safety sample will be made by members of the response
community of the jurisdiction assuming responsibility through
coordination with the FBI and the receiving LRN reference
laboratory.

1.3 Sample Collection Method A covers the bulk collection
and packaging of suspicious visible powders that are suspected
biological agents and toxins from solid nonporous surfaces. All
samples suspected to be biological agents and toxins on
nonporous surfaces should be collected according to Sample

Collection Method A and sent to an LRN reference laboratory
for confirmatory testing.

1.4 Sample Collection Method B covers swab sampling of
residual suspicious powders that are suspected biological
agents and toxins from solid nonporous surfaces. Swab
samples can be used for on-site biological assessment; however
results from on-site biological assessments are not definitive;
confirmatory testing by the LRN reference laboratory is
necessary to make public health decisions.

1.5 These practices incorporate reference guidance for
packaging and transport of suspicious visible powders to
comply with all appropriate federal regulations regarding
biosafety and biosecurity.

1.6 These practices should only be used to collect visible
samples that are suspected biological agents and toxins and
have been field screened according to reference guidance for
explosive hazard, radiological hazard, and other acute chemical
hazards.

1.7 The values stated in SI units are to be regarded as
standard. The values given in parentheses are for information
only.

1.8 This standard does not purport to address all of the
safety concerns associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory
limitations prior to use.

1.9 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:3

1 These practices are under the jurisdiction of ASTM Committee E54 on
Homeland Security Applications and are the direct responsibility of Subcommittee
E54.01 on CBRNE Sensors and Detectors.

Current edition approved May 15, 2017. Published June 2017. Originally
approved in 2006. Last previous edition approved in 2010 as E2458 – 10. DOI:
10.1520/E2458-17.

2 The CDC Laboratory Response Network is the network responsible for
handling clinical specimens and environmental samples containing suspected
biothreat agents.

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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E2770 Guide for Operational Guidelines for Initial Response
to Suspected Biological Agents and Toxins

F2412 Test Methods for Foot Protection
F2413 Specification for Performance Requirements for Pro-

tective (Safety) Toe Cap Footwear

2.2 Federal Government Regulations:4

18 USC 178 Prohibitions with respect to biological weapons
DOT 49 CFR, Parts 171-180 Hazardous Materials Regula-

tions
DOT - 49 CFR 172 Subpart H, Transportation Training
DOT - 49 CFR 173 General Requirements for Shipments

and Packagings
DOT - 49 CFR 178 Specifications for Packagings
EPA - 40 CFR 300 National Oil and Hazardous Substances

Pollution Contingency Plan (NCP)
EPA - 40 CFR 311 Worker Protection
NRC - 10 CFR 20 Standards for Protection against Radiation
NIOSH - 42 CFR 84 Respiratory Protective Devices

OSHA - 29 CFR 1910 Subpart Z and 29 CFR 1926 Subpart
Z Toxic and Hazardous Substances

OSHA - 29 1910.1096 and 29 CFR 1926.53 Ionizing Radia-
tion

OSHA - 29 CFR 1910.120 Hazardous Waste Operations and
Emergency Response (HAZWOPER) standard

OSHA - 29 CFR 1910 Subpart I (Sections 132 to 139) Per-
sonal Protective Equipment

OSHA - 29 CFR 1910.1200 Hazard Communication

2.3 Federal Guidance:
OSHA - CPL 02-02-073 Inspection Procedures for 29 CFR

1910.120 and 1926.65, Paragraph (q): Emergency Re-
sponse to Hazardous Substance Releases

NIOSH Publication No. 2009-132 Recommendations for the
Selection and Use of Respirators and Protective Clothing
for Protection Against Biological Agents

FBI Laboratory Publication Handbook of Forensic Services
2013

FBI-DHS-HHS/CDC Coordinated Document Guidance on
Initial Response to a Suspicious Letter/Container with a
Potential Biological threat, November 2, 2004

CDC/NIOSH Surface Sampling Procedures for Bacillus an-
thracis Spores from Smooth, Non-porous Surfaces, April
26, 20125

DHS Framework for a Biothreat Field Response Mission
Capability, April 20116

Sandia National Laboratories SAND2005-3237 (LBNL-
54973 (II)) Guidelines to Improve Airport Preparedness
Against Chemical and Biological Terrorism7

2.4 NFPA Standards:8

NFPA 472 Standard for Competence of Responders to Haz-
ardous Materials/Weapons of Mass Destruction Incidents,
2013 Edition

NFPA 1994 Standard on Protective Ensembles for Chemical/
Biological Terrorism Incidents

2.5 IATA Standards:9

IATA PI 602 Infectious Diseases (Infectious Substances)
IATA PI 650 Shipping of Diagnostic Samples
IATA DGR 46th Edition, 2005
IATA DGR Addendum I, January 2005
IATA DGR Addendum II, March 2005
IATA DGR Addendum III, July 2005
2.6 ANSI Standards:10

ANSI Z41-1999 American National Standard for Personal
Protection - Protective Footwear

ANSI Z87.1-2003 American National Standard for Occupa-
tional and Educational Personal Eye and Face Protection
Devices

ANSI Z88.2-1992 American National Standard Practices for
Respiratory Protection

ANSI Z88.10-2001 American National Standard for Per-
sonal Protection - Respirator Fit Testing Methods

ANSI/ISEA Z89.1-2003 American National Standard for
Personal Protection - Protective Headwear for Industrial
Workers Requirements

ANSI/Compressed Gas Association, CGA G-7.1-1997 Com-
modity Specification for Air

2.7 IAFC Guidance:11

Model Procedures for Responding to a Package with Sus-
picion of a Biological Threat, October 2008

3. Terminology

3.1 Definitions:
3.1.1 aseptic technique, n—operation or performance of a

procedure or method under carefully controlled conditions to
reduce the risk of exposure and prevent the introduction of
unwanted material/matter (contamination) into a sample.

3.1.2 biological agent, n—any microorganism (including
but not limited to, bacteria, viruses, fungi, rickettsiae, or
protozoa), or infectious substance, or any naturally occuring,
bioengineered or synthesized component of any such microor-
ganism or infectious substance, capable of causing: (1) death,
disease or other biological malfunction in a human, an animal,
a plant, or another living organism; (2) deterioration of food,
water, equipment, supplies, or material of any kind; or (3)
deleterious alteration of the environment. 18 USC 178

3.1.3 bulk powder, n—a visible powder, at least approxi-
mately 5 mL (1 teaspoon) in volume amassed or dispersed over

4 Available from U.S. Government Printing Office Superintendent of Documents,
732 N. Capitol St., NW, Mail Stop: SDE, Washington, DC 20401, and also available
online from Occupational Safety and Health Administration (www.osha.gov).

5 Available from http://www.cdc.gov/niosh/topics/emres/surface-sampling-
bacillus-anthracis.html.

6 Available from http://www.hsdl.org/?view&did=767721.
7 Available from http://share-ng.sandia.gov/news/resources/releases/2005/

images/unlsand-2005-3237.pdf.

8 Available from National Fire Protection Association (NFPA), 1 Batterymarch
Park, Quincy, MA 02269-9101.

9 Available from the International Air Transport Association, 800 Place Victoria,
PO Box 113, Montreal-H4Z 1M1, Quebec, Canada.

10 Available from American National Standards Institute (ANSI), 25 W. 43rd St.,
4th Floor, New York, NY 10036, http://www.ansi.org.

11 Available from International Association of Fire Chiefs (IAFC), 4025 Fair
Ridge Drive, Suite 300 Fairfax, VA 22033, http://www.iafc.org.
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a limited area (optimally, area should be less than 20 by 20 cm
(approximately 8 by 8 in.).

3.1.4 chain of custody, n—set of procedures and documents
to account for the integrity of sample by tracking its handling
and storage from point of sample collection to final disposition
of the sample.

3.1.5 cold zone, n—the uncontaminated area where workers
are unlikely to be exposed to hazardous substances or danger-
ous conditions; also known as Clean Zone or Support Zone.

CPL 02-02-071 Directive

3.1.6 confirmatory analysis, n—a test or a series of assays
that definitively identifies the presence of a suspected sub-
stance or agent.

3.1.6.1 Discussion—Confirmatory analysis of a biological
agent for public health action can be performed only by an
LRN national or reference laboratory.

3.1.7 decontamination, n—the physical or chemical process,
or both, of reducing and preventing the spread of contaminants
from people, animals, the environment, or equipment involved
at hazardous materials/weapons of mass destruction (WMD)
incidents. NFPA

3.1.8 field screening, n—field measurements utilized early
in the response to define and characterize the potential hazards
present, including corrosive, flammable, volatile, radioactive,
or oxidizer hazards, and to support tactical decision making to
address operational safety measures.

3.1.8.1 Discussion—Field screening does not include mea-
surements of biological properties, which is termed on-site
biological assessments (see 3.1.12).

3.1.9 hazard, n—something that is potentially dangerous or
harmful, often the root cause of an unwanted outcome; a
danger or peril. NIMS

3.1.10 hot zone, n—the area, located on the site where
contamination is either known or expected and where potential
for greatest exposure exists; also known as Exclusion Zone or
ExZ. CPL 02-02-071 Directive

3.1.11 incident commander (IC), n—the individual respon-
sible for all incident activities, including the development of
strategies and tactics and the ordering and release of resources.

3.1.11.1 Discussion—The IC has overall authority and re-
sponsibility for conducting incident operations and is respon-
sible for the management of all incident operations at the
incident site. NIMS

3.1.12 on-site biological assessment, n—measurements of
properties inherent to biological materials performed in the
field using rapid, field-based procedures and assays.

3.1.13 personal protective equipment (PPE), n—equipment
provided to shield or isolate a person from the chemical,
biological, physical, and thermal hazards that can be encoun-
tered at hazardous materials/weapons of mass destruction
(WMD) incidents. NFPA

3.1.14 presumptive test, n—non-definitive test used to
evaluate a material for the presence of a substance or agent, or
the presence of signatures of a substance or agent.

3.1.15 risk, n—the probability of suffering a loss or harm or
injury; peril.

3.1.16 toxin, n—the toxic material or product of plants,
animals, microorganisms (including but not limited to,
bacteria, viruses, fungi, rickettsiae, or protozoa), or infectious
substances, or a recombinant or synthesized molecule, what-
ever their origin and method of production, and includes: (1)
any poisonous substance or biological product that may be
engineered as a result of biotechnology produced by a living
organism; or (2) any poisonous isomer or biological product,
homolog, or derivative of such a substance (18 USC 178).

3.1.17 threat, n—an indication of possible violence, harm,
or danger and may include an indication of intent and
capability. NIMS

3.1.18 warm zone, n—the transition area between the Ex-
clusion Zone (ExZ or hot zone) and the Support Zone (SZ or
cold zone) used to reduce and limit the amount of contamina-
tion on people and equipment, and in the air, water, and soil
that may be transferred into nonhazardous areas; the CRZ
contains decontamination facilities, and functions as a buffer
zone surrounding the ExZ; also known as the contamination
reduction zone or CRZ. CPL 02-02-071 Directive

3.1.19 weapon of mass destruction (WMD), n—any weapon
or device that is intended, or has the capability, to cause death
or serious bodily injury to a significant number of people
through the release, dissemination, or impact of (1) toxic or
poisonous chemicals or their precursors; (2) a disease organ-
ism; or (3) radiation or radioactivity. U.S. Code Title 50, Ch.

40, Sect. 2302, War and National Defense Definitions

3.2 Acronyms:
3.2.1 AHJ—Authority Having Jurisdiction

3.2.2 ANSI—American National Standards Institute

3.2.3 ASTM—American Society for Testing and Materials

3.2.4 CDC—Centers for Disease Control and Prevention

3.2.5 CFR—Code of Federal Regulations

3.2.6 CRZ—Contamination Reduction Zone

3.2.7 CST—Civil Support Team

3.2.8 DHS—Department of Homeland Security

3.2.9 DOT—Department of Transportation

3.2.10 EOC—Emergency Operations Center

3.2.11 EPA—Environmental Protection Agency

3.2.12 ExZ—Exclusion Zone

3.2.13 FBI—Federal Bureau of Investigation

3.2.14 FEMA—Federal Emergency Management Agency

3.2.15 HAZMAT—Hazardous Materials

3.2.16 HHS—Health and Human Services

3.2.17 IAFC—International Association of Fire Chiefs

3.2.18 IATA—International Air Transport Association

3.2.19 IC—Incident Commander

3.2.20 ICS—Incident Command System

3.2.21 IEC—International Electrotechnical Commission
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3.2.22 ISEA—International Safety Equipment Association

3.2.23 ISO—International Organization for Standardization

3.2.24 LRN—Laboratory Response Network

3.2.25 MACS—Multiagency Coordination System

3.2.26 NFPA—National Fire Protection Association

3.2.27 NIMS—National Incident Management System

3.2.28 NIOSH—National Institute for Occupational Safety
and Health

3.2.29 NRC—Nuclear Regulatory Commission

3.2.30 OSHA—Occupational Safety and Health Administra-
tion

3.2.31 PBS—Phosphate Buffered Saline

3.2.32 PPE—Personal Protective Equipment

3.2.33 SZ—Support Zone

3.2.34 US&R—Urban Search and Rescue

3.2.35 WMD—Weapons of Mass Destruction

4. Significance and Use

4.1 These practices should be used only to collect visible
samples that are suspected biological agents and toxins and
have been field screened as defined by the FBI-DHS-HHS/
CDC Coordinated Document for explosive hazard, radiological
hazard, and other acute chemical hazards.

4.2 These practices provide standardized methods for
collecting, packaging, and transporting suspicious visible pow-
der samples that are suspected biological agents and toxins.
Collection of a bulk powder material from a nonporous surface
using a sterile swab and laminated card as the collection
devices to move the material into a container will depend on
several factors, including (but not limited to): (1) amount of
visible powder present; (2) sample composition; (3) choice of
collection device; (4) size and shape of the collection con-
tainer; (5) ability of the powder to become aerosolized; (6)
texture and porosity of the surface; (7) humidity; (8) air
movement; and (9) electrostatic properties of powders and
collection tools/containers.

4.3 Similarly, these practices standardize methods for sam-
pling suspicious visible powders for on-site analysis, although
wipe and swab sampling is often employed in the field for
subsequent LRN reference laboratory analysis. The ability to
collect suitable samples from nonporous surfaces using a
sterile moistened swab will depend on the following factors:
(1) swabbing procedure; (2) swab material; (3) sample com-
position; and (4) texture of the surface.

4.4 These practices standardize suspicious powder collec-
tion and packaging procedures and swab sampling procedures
in order to reduce exposure risk, to reduce variability associ-
ated with sample handling and sample analysis, and to increase
reliability of sampling visible powder samples from nonporous
surfaces.

4.5 The bulk sample collection practice and the swab
sampling practice are recommended for collecting amassed or
dispersed powder samples from all nonporous surfaces on
which the suspicious powder sample is clearly visible.

4.6 These practices are not recommended for samples on
porous materials such as upholstery, carpeting, air filters, or
ceiling tiles.

4.7 These practices are recommended for collecting visible
powders where the bulk of the powder sample is amassed or
dispersed over a limited area (optimally, area should be less
than 20 by 20 cm (approximately 8 by 8 in.) or 400 cm2

(approximately 64 in.2).

4.8 These practices are to be performed by personnel who
are adequately trained to work with hazardous materials in the
hot zone (see NFPA 472, or OSHA - 29 CFR 1910.120).
Personnel performing collection or screening under these
practices shall be adequately trained in the use of sampling
equipment, materials, and procedures. This includes personnel
performing the prior initial chemical and radiological screen-
ing. Personnel should use the appropriate level of personal
protective equipment (PPE) to mitigate hazards during collec-
tion and screening. Personnel performing collection or screen-
ing under these practices shall be aware of evidence preserva-
tion and sampling procedures (NFPA 472 section 6.5).

4.9 These standard practices should be used in accordance
with Guide E2770 for best practices for planning, training and
evaluation of competency.

SAMPLE COLLECTION METHOD A—BULK
SAMPLE COLLECTION FOR LABORATORY

ANALYSIS

5. Scope of Method A

5.1 This sample collection method applies to the bulk
collection and packaging of suspicious visible powders that are
suspected biological agents or toxins, or both, from solid
nonporous surfaces.

5.2 These practices are performed in coordination with the
FBI and receiving LRN reference laboratory after a risk
assessment including a hazard assessment and threat credibility
evaluation is conducted and the sample is deemed potentially
to be a credible threat as recommended and clarified in Guide
E2770.

5.3 This sample collection method applies to suspicious
visible powders that are amassed or dispersed in a limited area
where the bulk of the powder sample is in an area that is less
than 20 by 20 cm (approximately 8 by 8 in.) or 400 cm2

(approximately 64 in.2).

5.4 These practices should be used only to collect samples
that are suspected biological agent and toxin hazards that have
been field screened as defined by the FBI-DHS-HHS/CDC
Coordinated Document for explosive, radiological, and chemi-
cal hazards.

6. Summary of Sample Collection Method A

6.1 A visible powder sample that is a suspected biological
agent or toxin, or both, and its source should be field screened
for non-biological hazards as defined in the FBI-DHS-HHS/
CDC Coordinated Document and according to the reference
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guidance including appropriate NFPA documents. Non-
biological hazards include explosive, radiological, and chemi-
cal hazards. The visible powder sample, amassed or dispersed
in a limited area, is collected from a nonporous surface using
a swab and a laminated card to move the sample into a sterile
dry collection container that is held close to the surface.

6.2 The method provides guidance on performing these
procedures in a manner that will minimize sample loss and
aerosolization of the powder. The bulk powder sample and
swab are sent to an LRN reference laboratory for confirmatory
analysis.

7. Sampling and Packaging Equipment and Supplies

7.1 Personal Protective Equipment—Level A, B, or C
personal protective equipment ensembles as indicated (see
Section 2 for additional guidance, including OSHA - 29 CFR
1910.120 Appendix B and NFPA 1994).

7.2 Clean drop cloth to create an isolated work area.

7.3 Sample Transport Container—Bucket or large heavy
duty plastic bag used to transport the samples and materials
from the hot zone through to the decontamination line.

7.4 Non-powdered Nitrile or Vinyl Examination Gloves.

7.5 Two Sterile Polypropylene Wide-mouth Screw-capped
Sample Collection Containers (Sample Containers)—
Containers must possess a leak-resistant seal; Diameter of
container mouth must be large enough to accomodate the 4 by
6.5 cm plastic cards (Section 7.10); each pre-labeled as
“POWDER SAMPLE” with unique sample identifier numbers.

7.6 Bleach Solution—Fresh pH-adjusted bleach solution
(household bleach diluted 1:9; pH-adjusted to 6.8-8.0) to be
prepared outside of the hot zone just prior to use by (step 1)
mixing one part household bleach (5.25 to 6.0 % sodium
hypochlorite) with 5 parts water (volume/volume); (step 2)
adding 1 part white vinegar; (step 3) adding 3 parts of
additional water.12

7.7 Labeling or Marking Tape.

7.8 Solvent-resistant Indelible Marker.

7.9 Sterile Culture Swabs, (rayon, macrofoam, or polyester)
individually packaged and sterile, self-contained in sealed
plastic tubes, with absorbent material wrapped around one end
of a plastic stick, unopened.

7.10 Two at least 4 by 6.5 cm (approximately 1.5 by 2.5 in.
) Sterile Plastic Laminated Cards.

7.11 Six 1-gal Sealable Plastic Bag(s)—Both bags with
sliding lock and Trademark Whirl-Pak13 bags are not recom-
mended for this purpose since they may not seal completely;
the use of colored or opaque bags is discouraged because it
makes viewing of the sample more difficult once transported
back to the laboratory in the CDC Laboratory Response
Network.

7.12 Bucket, or other container marked “BIOHAZARD
WASTE”.

7.13 1-gal Sealable Plastic Bag(s), pre-labeled as “BIO-
HAZARD WASTE”.

7.14 Field Screening Results Form—See example in Appen-
dix X1.

7.15 Sample Collection Sheet—See example in Appendix
X1. Note that a single sample collection sheet can be used for
all items collected at a single location including primary
source, swab, and powder sample(s).

7.16 Chain-of-Custody Form—See example in Appendix
X1.

7.17 Two Plastic Transparent Document Pouches, with
adhesive on back.

7.18 Durable Hard-sided Outer Container, with lid or screw
cap, for sample transport (such as metal can with lid, or plastic
container with lid).

7.19 Attach documentation described in the Sample Collec-
tion and Submission section of Guide E2770. Documentation
should include the contact information for local, state, and
federal law enforcement, local health officials and local/
national testing facilities.

8. Procedure

8.1 Practices employed herein preserve the integrity of the
material in the event that it becomes evidence. Efforts should
be made to minimize or reduce air currents that may re-
aerosolize or disturb suspected biological agents, including
ceasing the operation of heating, ventilation, and air condition-
ing (HVAC) and exhaust fans and other forms of air movement.
The location of the work area should be considered prior to
entry into the hot zone. When selecting work location, teams
should consider proximity to sample location to reduce pos-
sible contamination of the work area, while also minimizing
the distance necessary to move materials during sample col-
lection. Additionally these actions should be supported by a
written incident action plan and site health and safety plan
developed under the direction of the Incident Commander. A
coordinated risk assessment including a hazard and threat
credibility evaluation should be performed prior to determina-
tion of a sampling mission. These practices assume that a
sampling site/hot zone has already been defined. These prac-
tices are to be performed by personnel who are adequately
trained to work with hazardous materials in the hot zone
(NFPA 472, and 29 CFR, Part 1910.120).

8.2 Prior to allowing people to enter the hot zone for
sampling purposes, proper site safety practices should be
implemented, including establishing decontamination areas,
and assuring that the appropriate PPE is selected based on a
risk-assessment.

8.3 Prior to performing these practices, review the sampling
plan and sampling procedures and assemble all necessary
equipment before entering the hot zone. At minimum, a
two-person team is required to perform these sampling proce-
dures in the hot zone.

12 Additional information about decontamination with pH-adjusted bleach solu-
tion is available at nepis.epa.gov.

13 Whirl-Pak is a trademark of Nasco International, Inc.
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8.4 Prior to entering the hot zone for sampling purposes,
label the two unopened, sterile plastic sample collection
containers. The sample collection containers are the primary
containment for bulk dry powder sample and are labeled as
“POWDER SAMPLE” with unique sample identifier numbers
on each container. Properly label five 1-gal self-sealing bags in
the following manner: (1) and (2) containment tubes for two
dry swabs each labeled as “DRY SWAB” and with unique
sample identification numbers; (3) if applicable, the primary
containment for source of powder (letter or small package)
labeled as “PRIMARY SOURCE” and with a unique sample
identifier number; and (4) and (5) containment for two sample
collection containers labeled as “POWDER SAMPLE” and
with unique sample identifiers.

8.5 After entering the hot zone, ensure that the sample
material is protected from wind currents and moisture until all
sampling is completed.

8.6 Perform basic field screening on material prior to
sample collection to assess explosive hazards, radiological
hazards, and acute chemical hazards (NFPA 472). Use screen-
ing methods to minimize sample consumption, thereby con-
serving as much of the sample as possible. Ensure that the
results of field screening are documented indicating which tests
have been performed and their outcome (see example of field
screening results form in Appendix X1). In situations where
biological agents or toxins, or both, are suspected, the item(s)
should be field screened for explosive devices and substances,
radiological materials, corrosive materials and volatile organic
compounds as defined in the joint FBI-DHS-HHS/CDC Coor-
dinated Document guidelines for responders to suspicious
letters and packages.

8.7 This instruction is provided for a two-person sampling
team to conduct the sampling procedure in the hot zone; the
procedure should not be performed by a single individual. The
first team member (assistant sampler, also known as the
facilitator) is responsible for communication, photography
(FBI Laboratory Publication, Handbook of Forensic Services
2003), ensuring that the sample collection sheet is filled out,
and facilitating collection (for example, opening and handing
materials to the sampler as required, including sample collec-
tion containers, gloves, swab, laminated card, other sampling
materials, and packaging materials). The second team member
(sampler) is the person collecting the sample and should be the
only person to come in contact with the suspicious material.
The sampler is also responsible for signing the final chain-of-
custody form outside of the hot zone.

8.8 Some jurisdictions may have standard operating proce-
dures requiring the collection of negative controls. Sampling
teams should refer to standard operating procedures regarding
the collection of any negative controls (also referred to as field
and media blanks). Negative controls include unopened sam-
pling tools and any wetting solutions. Blanks must be submit-
ted for each lot number used.

8.9 All team members must put on a new pair of non-
powdered nitrile or vinyl examination gloves over the gloves
that are part of standard PPE ensemble (that is, team members
will have multiple layers of gloves on) for sample collection.

NOTE 1—The use of appropriate aseptic techniques including doffing of
gloves between sample collections is done to minimize cross contamina-
tion.

8.10 Assistant Sampler—Lay down the clean drop cloth to
create an isolated work area, and place materials on drop cloth.

8.11 Assistant Sampler—Ensure the following items are
documented through radio communication between hot and
cold zone personnel and finalization of paperwork in the cold
zone prior to sending the sample to the laboratory (see example
in Appendix X1).

8.11.1 Unique sample number or identifier,
8.11.2 Sample location and address,
8.11.3 Type of sample,
8.11.4 Type and texture of surface sampled,
8.11.5 Time and date of sample,
8.11.6 Names and signatures of persons collecting sample,
8.11.7 Measured size of the area sampled, and
8.11.8 Map of sample area and photograph is possible.

Additional efforts to photograph the materials associated with
the primary source (for example, envelope, package outer
wrap, or letter, or combinations thereof) to discern writings and
markings prior to collection are useful to support the law
enforcement mission.

8.12 Assistant Sampler—If the source of the powder is
present on the surface, and the source is a letter or other small
package that can fit easily into a 1-gal sealable plastic bag,
position the pre-labeled bag labeled as “PRIMARY SOURCE”
above the surface next to the source, and hold the bag open.

8.13 Sampler—Place the source gently into the plastic bag
taking care to make sure all writing and markings are visible
through the bag. If there are both documents and packaging,
collect them in separate bags to ensure visibility if needed.
Limited handling of the primary source is recommended to
preserve forensic attributes for additional testing and to mini-
mize resuspension potential.

NOTE 2—Written and other markings on documents associated with the
threat are valuable to law enforcement early in the investigation. Special
care should be taken to ensure law enforcement entities at the end of the
decontamination line can clearly see anything written or labels, or both, on
packing associated with the primary source.

8.14 Assistant Sampler—Carefully dispel excess air, and
seal the bag. Place the sealed bag containing the source into
another transparent sealable bag.

8.15 Assistant Sampler—Carefully dispel excess air; seal
the bag, and place into sample transport container for decon-
tamination.

8.16 Assistant Sampler—Give laminated card to sampler.
Loosen the cap of the tube containing the swab.

8.17 Sampler—Remove the swab from the tube while the
assistant sampler holds the tube. Hold the laminated card at an
angle on the surface next to the powder. If the surface is
smooth, use the card to push the powder into a pile on the
surface. Use the sterile swab to gently push the dry powder
onto the laminated card. Be sure to use slow, deliberate
motions while moving the powder.

8.18 Assistant Sampler—Firmly hold the tube for the sam-
pler.
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8.19 Sampler—Place swab firmly into tube, taking care not
to touch the outside of the tube with the swab.

8.20 Assistant Sampler—Close the tube. Place the tube
containing the swab into a transparent sealable bag labeled as
“DRY SWAB”. Carefully dispel excess air; seal the bag, and
place into sample transport container for decontamination.

8.21 Assistant Sampler—Open the sample container labeled
as “POWDER SAMPLE” and hand the open container to the
sampler.

8.22 Sampler—Hold the sample collection container on its
side parallel to the surface and place the laminated card (with
the powder on top) into the sample collection container. Do this
slowly and gently so as to minimize aerosolization of the
powder.

8.23 Sampler—Take the lid from the assistant sampler and
place the lid on the sample collection container containing the
laminated card and dry bulk powder.

8.24 Sampler—Place the closed, pre-labeled container con-
taining the dry bulk powder into a transparent sealable bag held
open by the assistant sampler. Do not touch the outside of the
bag.

8.25 Assistant Sampler—Carefully dispel excess air; seal
the bag, and place into sample transport container for decon-
tamination.

8.26 If the amount of powder is too large to collect it all
using a single laminated card and swab, repeat steps described
in 8.16 – 8.25 with a new card, swab, and pre-labeled sample
collection container. In situations where significant material is
present after the initial sample is collected for the laboratory,
the sampling team should coordinate and discuss with the
receiving laboratory and FBI the disposition of the residual
material.

8.27 If there is residual powder and conditions allow for the
team to remain in the hot zone, the team may perform Sample
Collection Method B now prior to leaving the hot zone.

8.28 Sampling team transports all samples out of the hot
zone and into the decontamination line in the warm zone.

8.29 Assistant Sampler—Rinse or wipe the outside of the
sealed plastic bags containing the primary source, powder
sample(s), and swab(s) with decontamination solution—do not
dry the outside of the bags afterwards as this will allow
appropriate decontamination solution contact time. The outer
surface of the sealed plastic bag should be decontaminated
using a 10 % bleach solution adjusted to a pH of 7. A contact
time of 10 min is needed for treating the outer surface of
bagged items. Treated outer surfaces of bagged items should
remain wet when placed in additional containment bags to
insure adequate contact times are achieved. Collect any bleach
runoff in a container marked “BIOHAZARD WASTE”.

8.30 Assistant Sampler—Place the rinsed, sealed bags con-
taining the primary source, powder sample(s), and swab(s) into
separate sealable plastic bags and seal.

8.31 Any unused supplies that were carried into the hot zone
(plastic bags, sample containers) should also be placed into
“BIOHAZARD WASTE” bag(s).

8.32 Assistant Sampler and Sampler—After following all
proper personnel decontamination procedures (NFPA 472),
move the samples to the cold zone. Place the rinsed, sealed
bags into a durable hard-sided outer container. Responding
personnel should contact the receiving LRN reference labora-
tory to ensure that the dimensions of the outer container will fit
in the laboratory biosafety cabinet. Place the lid on the
container.

8.33 Assistant Sampler and Sampler—Initial and date the
sample package with the indelible marker.

8.34 Assistant Sampler and Sampler—Confirm radio com-
municated information is consistent or if only a 2 person team
responded, transfer all sample and field screening information
to a clean sample collection sheet and field screening results
form in the cold zone.

8.35 Assistant Sampler and Sampler—Transfer or verify, or
both, all unique sample numbers or identifiers and other
pertinent information from the sample collection sheet onto a
chain-of-custody form (see example in Appendix X1).14

8.36 Assistant Sampler and Sampler—Attach a self-sticking
document pouch to the durable outer container. Place the clean
sample collection sheet and field screening results form and
any additional paperwork or documentation inside the docu-
ment pouch. Place labeling tape over the opening of the
document pouch and initial and date the tape with the indelible
marker.

8.37 Sampler—Sign a chain-of-custody form at the receiv-
ing area. Hand the package to the person who is responsible for
transporting the package (transporter).

8.38 Transporter—Examine the outer package to determine
that it is properly packaged and sealed, and that the chain-of-
custody form is completed. Sign the original chain-of-custody
form. Give one copy of the form to the submitter (sampler) and
retain the original form. Place the original signed chain-of-
custody form into a second self-sticking document pouch and
adhere to the outside of the package. Notify receiving LRN
reference laboratory of package transportation and estimate
time of delivery. Transport all samples under secure conditions
to the predesignated, approved LRN reference laboratory. Any
transfers of the materials from one person to another should be
documented on the chain-of-custody form with signatures.

8.39 The primary source, powder sample(s), and swab(s)
are transported in a manner that complies with all state and
federal regulations (IATA PI 602, IATA PI 650, IATA DGR
46th Edition, IATA DGR Addendum I, IATA DGR Addendum
II, IATA DGR Addendum III, and DOT 49 CFR, Parts
171-180). All materials are maintained under chain of custody
in a secure and biosafe area at the LRN reference laboratory
until testing is completed.

14 Prior to shipping any specimen suspected to contain a biological agent, contact
your state public health laboratory or nearest laboratory in the national response
network (currently the CDC Laboratory Response Network) for specific guidance.
Any materials that might be used as evidence in any investigation must be controlled
by a chain of custody at all times.
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SAMPLE COLLECTION METHOD B—SWAB
SAMPLE COLLECTION FOR ON-SITE ANALYSIS

9. Scope of Method B

9.1 This sample collection method applies to swab sampling
of suspected biological agents and toxins from nonporous
surfaces to collect residual powder after Method A has been
applied. The swab sampling procedure produces a sample that
may be used for optional, on-site biological assessments. While
the sample collected with Method B may be used for on-site
biological assessments, it is recommended that assessment
methods have been validated by nationally recognized consen-
sus standards (for example, AOAC International, Stakeholders’
Panel on Agent Detecting Assays (SPADA) performance speci-
fications15) and supported as defined in Guide E2770.

9.2 These practices are performed only after collecting the
bulk sample in the hot zone as described in Sample Collection
Method A-Bulk Sample Collection.

9.3 These practices should be used only to collect samples
that are suspected biological hazards and that have been
field-screened for explosive hazards, radiological hazards, and
acute chemical hazards.

10. Summary of Sample Collection Method B

10.1 A nonporous surface from which a suspicious visible
bulk powder, a suspected biological agent, has previously been
collected is swabbed using a moistened swab to collect any
residual powder. The sample may be utilized in on-site
biological assessment to support public safety operations.

11. Sampling Equipment and Supplies for Sample
Collection Method B

11.1 Personal Protective Equipment—Level A, B, or C as
necessary (OSHA - 29 CFR 1910.120 Appendix B and NFPA
1994).

11.2 Sample collection tools are the following: (1) sterile
culture swab (rayon, macrofoam, or polyester), individually
packaged and self-contained in sealed plastic tube, with absor-
bent material wrapped around one end of a plastic stick, and, if
available, (2) sample collection device provided by manufac-
turer of the on-site biological assessment kit.

11.3 Sterile solutions for moistening the swab are as fol-
lows: (1) sterile vial with lid, pre-labeled as “BUFFER,”
containing minimally 0.5 mL of Phosphate Buffered Saline
(PBS) solution with 0.1 % Tween-20,16 or if available, (2)
buffer solution from manufacturer of on-site biological assess-
ment kit if required by manufacturer. Background control
samples of collection materials including buffer solutions
utilized in sampling of residual powder should be submitted to
the receiving LRN reference laboratory. Any control buffers or
materials must be clearly labeled and indicated in submission
documentation.

11.4 1-gal Sealable Bag—Pre-labeled as “WET SWAB”
with unique sample identifier number.

11.5 Sample Collection Sheet.

12. Procedure

12.1 Sampler—The residual powder that remains on the
surface following bulk powder sample collection may be used
for on-site biological assessments. Follow instructions pro-
vided by the manufacturer regarding sample collection for
on-site biological assessments using a commercially available
kit. Personnel performing on-site biological assessments
should be adequately trained in the use of biological assess-
ment technologies (NFPA 472).

12.2 Assistant Sampler—Record the methods and results of
on-site biological assessments. If the residual powder sample is
consumed for on-site analysis, a chain-of-custody form is not
needed.

12.3 If there is significant amount of residual powder on the
surface and no on-site biological assessment is performed,
perform the steps described in 12.4 – 12.11 to collect residual
powder for packaging and transport to the receiving LRN
reference laboratory.

12.4 Assistant Sampler—Remove the lid from the vial
labeled as “BUFFER” and hand the vial to the sampler. Loosen
swab from tube (but do not remove swab) and hand tube with
swab to sampler. Sampler holds the tube and “BUFFER” vial
in the same hand.

12.5 Sampler—Remove swab from tube and place into
“BUFFER” vial to moisten, using aseptic technique to prevent
cross contamination. Press the swab against the side of the vial
to remove excess liquid. Remove swab from “BUFFER” vial
and drop “BUFFER” vial into biohazardous waste container.

12.6 Sampler—Wipe the swab over the surface where the
powder was originally found, using closely spaced vertical
S-strokes or Z-strokes over the entire sampling area.

12.7 Sampler—Roll the swab handle (end of the plastic stick
furthest from absorbent material) between fingers to rotate the
swab, thereby exposing a fresh surface. Wipe the swab over the
entire area again, this time using horizontal S-strokes or
Z-strokes over the surface. The swab area should preferably not
exceed the maximum recommended area of 20 by 20 cm (8 by
8 in.) or 400 cm2 (approximately 64 in.2).

12.8 Sampler—Place swab into tube, and seal tube by
pressing firmly.

12.9 Sampler—Place the closed tube containing the swab
into a transparent sealable bag labeled as “WET SWAB” held
open by the assistant sampler. Do not touch the outside of the
bag.

12.10 Assistant Sampler—Carefully dispel excess air; seal
the bag, and place into sample transport container for decon-
tamination.

12.11 Continue with procedure in 8.28 through to the end of
Method A as determined appropriate through correspondence
with the receiving LRN reference laboratory.

13. Keywords

13.1 packaging; sample collection; suspicious powders;
swab

15 SPADA specifications are available at www.aoac.org.
16 Tween-20 is a trademark of ICI Americas, Inc.
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APPENDIX

(Nonmandatory Information)

These appendices provide example forms for the user. Use of these specific forms is not mandatory.

X1. EXAMPLE OF BEST PRACTICES FORMS

X1.1 See Table X1.1, Fig. X1.1, Table X1.2, Fig. X1.2, Fig.
X1.3, and Fig. X1.4.
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TABLE X1.1 Field Screening Results Form

Location:

Date:

Screening Team:

Time:

Sample # Color Rad (uR/h) Flammable (% LEL) PID/VOC (ppm) O2 (%) Oxidizer or
energetic
material

Observations/Comments/Other Screening
Tools Used

Monitoring Instruments Used:
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FIG. X1.1 Example Specimen Screening Form
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TABLE X1.2 Example of Sample Collection Sheet

Sample Number or Sample Identifier: __________________________________

Date/Time of Sample: ______________________________________________

Type of Sample: __________________________________________________

Type/texture of surface sampled: _____________________________________

Description of Material Sampled (e.g., color, texture, homogeneity etc.):

Name of Persons Collecting Sample:

Sampler

Printed Name: ____________________________________________________

Signature: _______________________________________________________

Phone Number: __________________________________________________

Facilitator

Printed Name: ___________________________________________________

Signature: ______________________________________________________

Phone Number: __________________________________________________

Measured Size of Area Sampled: ____________________________________

Sample Location (include agency, address, room number, description of sample location):

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

Map of Sample Area:

Other Comments:
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FIG. X1.2 Example of Chain of Custody Form
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FIG. X1.2 Example of Chain of Custody Form (continued)
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FIG. X1.3 Example of Biological Agent Tracking Form
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the Copyright Clearance Center, 222
Rosewood Drive, Danvers, MA 01923, Tel: (978) 646-2600; http://www.copyright.com/

FIG. X1.4 Example of Specimen Submission Form
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EMERGENCY RESPONSE RESOURCES

Surface sampling procedures for Bacillus anthracis  spores from smooth, non-

porous surfaces

Revised April 26, 2012

General

These sampling procedures were prepared by the Centers for Disease Control and Prevention (CDC) to provide

standardized methods for industrial hygienists, or other trained samplers under the direction of sampling experts,

to use when sampling for Bacillus anthracis  (B. anthracis ) spores. These procedures supersede previous CDC

procedures for collecting environmental samples for B. anthracis , including Comprehensive Procedures for

Collecting Environmental Samples for Culturing Bacillus anthracis , which were developed during the 2001 anthrax

terrorist events. As stated in that guidance, CDC planned to update the guidance as new information becomes

available. In particular, one major change is the recent efforts by CDC to validate methods for the laboratory

processing and analysis of B. anthracis  spores.

These procedures are meant to be used for collection of samples on smooth, non-porous surfaces and can be used

in both indoor and outdoor environments. Examples of non-porous surfaces are stainless steel, painted wall board,

floor tile, or wood laminate. Each sampling method has its specific uses and advantages. Sampling methods must be

coordinated with the laboratory to ensure that they are ready to accept and process all the samples. This is

particularly important if deviating from the validated sampling procedures.
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Swabs are appropriate for sampling small surfaces or hard to reach locations of less than 4 inches square (in ), like

crevices, corners, supply air diffusers, air return grills, and hard-to-reach places. Wipes are appropriate for

sampling larger non-porous surfaces including walls, desks, and floors. An interagency effort known as the

Validated Sampling Plan Working Group (VSPWG) is currently developing a document titled Reference Guide for

Developing and Executing Bacillus anthracis Sampling Plans in Indoor Settings , which outlines approaches and

methodologies to characterize and guide remediation of indoor sites with potential or actual contamination. The

VSPWG document, once published, should be consulted for additional information about strategies and guidance

for sampling B. anthracis . This document will also assist with the interpretation of results for samples collected

with macrofoam swabs and cellulose sponges on smooth, non-porous surfaces following these collection

procedures.

Note:

Additional information regarding Bacillus anthracis sampling, including recommendations for protecting

investigators while sampling, are available at emergency.cdc.gov/agent/anthrax/environment/

(http://emergency.cdc.gov/agent/anthrax/environment/) and www.cdc.gov/niosh/docs/2009-132/default.html

(http://www.cdc.gov/niosh/docs/2009-132/default.html).

The collection of samples associated with a crime scene or suspicion of a criminal event should be coordinated with

law enforcement authorities. Sampling teams need to be aware that samples collected may be or become criminal

evidence, and certain additional procedures associated with sample collection will be necessary.

Macrofoam Swab Procedure

Swab Materials

1. Gloves, nitrile

2. Ruler, disposable, and masking tape

or

Sample template, disposable, sample area size 4 in  (26 cm )

3. Macrofoam swab, sterile, 3/16 inch thick medical-grade polyurethane foam head, 100 pores per inch, thermally

bonded to a polypropylene stick (such as the Sterile Foam Tipped Applicators Scored with Thumb Stop [Puritan,

Guilford, Maine; catalog number 25-1607 1PF SC] or equivalent)

4. General neutralizing buffer that will inactivate halogen disinfectants and quaternary ammonium compounds,

10 milliliter (mL), sterile (such as the Neutralizing Buffer [Hardy Diagnostics, Santa Maria, California; catalog

number K105] or equivalent)

5. Screw-cap centrifuge tubes, sterile, 15 mL (such as 15 mL High-Clarity Polypropylene Conical Centrifuge Tube

[Becton Dickinson, Franklin Lakes, New Jersey; catalog number 352097] or equivalent)

6. Sample labels

or

Permanent marker

7. Re-sealable plastic bag, 1-quart or smaller

8. Re-sealable plastic bag, 1-gallon or larger

2

2 2
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Swab Sampling Procedure

1. Wearing a clean pair of gloves over existing gloves, place the disposable template over the area to be sampled

and secure it. If the template cannot be used, measure the sampling area with a disposable ruler, and delineate

the area to be sampled with masking tape.

2. Remove the sterile swab from its package. Grasp the swab near the top of the handle. Do not handle below the

thumb stop.

3. If the sterile swab is not pre-moistened, moisten the sterile swab by dipping it in the 10 mL container of

neutralizing buffer solution. Remove any excess liquid by pressing the swab head on the inside surface of the

neutralizing buffer solution container.

Note: Once a sterile swab has been moistened, the remaining neutralizing buffer solution and container must

be discarded.

4. Swab the surface to be sampled using the moistened sterile swab. Use an overlapping ‘S’ pattern to cover the

entire surface with horizontal strokes.

Note: Depending on the design of the swab, a rolling motion can be used when swabbing the surface to

maximize swab contact with the surface.

5. Rotate the swab and swab the same area again using vertical ‘S’-strokes.

6. Rotate the swab once more and swab the same area using diagonal ‘S’-strokes.

7. Place the head of the swab directly into a sterile screw-capped centrifuge tube. Break off the head of the swab

by bending the handle. The end of the swab handle, touched by the collector, should not touch the inside of the

tube. Securely tighten the screw-cap and label the tube (e.g., unique sample identifier, sample location, initials of

collectors and date and time sample was collected). Collection tubes and re-sealable bags may be pre-labeled to

assist with sampling efficiency.
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8. Place the sample container in a re-sealable 1-quart plastic bag. Securely seal and label the bag (e.g., sample

location, date and time sample was collected, and name of individual collecting the sample).

Note: Remove excessive air from the re-sealable plastic bags to increase the number of samples that can be

shipped in one container.

9. Dispose of the template, if used.

10. Remove outer gloves and discard. Clean gloves must be worn for each new sample.

Cellulose Sponge Procedure

Cellulose Sponge Materials

1. Gloves, nitrile

2. Ruler, disposable, and masking tape 

or 

Sample template, disposable, sample area size 100 in  (645 cm )

3. Sponge, sterile, pre-moistened with 10 mL neutralizing buffer solution, 1.5 by 3 inches cellulose sponge folded

over a handle (such as the 3M™ Sponge-Stick [3M, St. Paul, Minnesota; catalog number SSL-10NB] or

equivalent)  

or 

Sponge, sterile, dry, 1.5 by 3 inches cellulose sponge folded over a handle (such as the 3M™ Sponge-Stick [3M,

St. Paul, Minnesota; catalog number SSL-100] or equivalent) 

and 

General neutralizing buffer that will inactivate halogen disinfectants and quaternary ammonium compounds,

sterile, 10 mL (such as the Neutralizing Buffer [Hardy Diagnostics, Santa Maria, California; catalog number

K105] or equivalent)

4. Screw-cap specimen container, sterile, individually wrapped 4 ounce (such as General Purpose Specimen

Container [Kendall Healthcare, Mansfield, Massachusetts; catalog number 8889-207026] or equivalent)

5. Sample labels 

or 

Permanent marker

6. Re-sealable plastic bag, 1-quart or smaller

7. Re-sealable plastic bag, 1-gallon or larger

Cellulose Sponge Sampling Procedure

1. Wearing a clean pair of gloves over existing gloves, place the disposable template over the area to be sampled

and secure it. If a template cannot be used, measure the sampling area with a disposable ruler, and delineate the

area to be sampled with masking tape. The surface area sampled should be less than or equal to 100 in  (645

cm ).

2. Remove the sterile sponge from its package. Grasp the sponge near the top of the handle. Do not handle below

the thumb stop.

3. If the sterile sponge is not pre-moistened, moisten the sponge by pouring the 10 mL container of neutralizing

buffer solution over the dry sponge.

2 2

1 (http://www.cdc.gov/niosh/topics/emres/surface-sampling-bacillus-anthracis.html#)

2

2
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Note: The moistened sponge should not be dripping neutralizing buffer solution.

Note: Any unused neutralizing buffer solution must be discarded.

4. Wipe the surface to be sampled using the moistened sterile sponge by laying the widest part of the sponge on

the surface, leaving the leading edge slightly lifted. Apply gentle but firm pressure and use an overlapping ‘S’

pattern to cover the entire surface with horizontal strokes.

5. Turn the sponge over and wipe the same area again using vertical ‘S’-strokes.

6. Use the edges of the sponge (narrow sides) to wipe the same area using diagonal ‘S’-strokes.

7. Use the tip of the sponge to wipe the perimeter of the sampling area.

8. Place the head of the sponge directly into a sterile specimen container. Break off the head of the sponge by

bending the handle. The end of the sponge handle, touched by the collector, should not touch the inside of the

specimen container. Securely seal and label the container (e.g., unique sample identifier, sample location, initials

of collector and date and time sample was collected). YM95NC Attachment -- Page 345
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9. Place the sample container in a re-sealable 1-quart plastic bag. Securely seal and label the bag (e.g., sample

location, date and time sample was collected, and name of individual collecting the sample). Specimen

containers and re-sealable bags may be pre-labeled to assist with sampling efficiency.

Note: Remove excessive air from the re-sealable plastic bags to increase the number of samples that can be

shipped in one container.

10. Dispose of the template, if used.

11. Remove outer gloves and discard. Clean gloves should be worn for each new sample.

Gauze Procedure

Gauze Materials

Note: This sampling and analytical method has not been validated by CDC. A standard sampling procedure is

provided in the event that the macrofoam swab or cellulose sponge methods cannot be utilized.

1. Gloves, nitrile

2. Gloves, sterile, nitrile

3. Ruler, disposable, and masking tape

or

Sample template, disposable, sample area of 144 in  (929 cm )

4. Gauze, sterile, non-cotton, polyester blend sponge or rayon/polyester blend, 2 by 2 in (such as the Versalon All-

Purpose Sponge [Kendall Healthcare, Mansfield, Massachusetts; catalog number 8042; includes two gauze

squares/packet] or equivalent)

5. General neutralizing buffer that will inactivate halogen disinfectants and quaternary ammonium compounds

solution, 10 mL, sterile (such as the Neutralizing Buffer [Hardy Diagnostics, Santa Maria, California; catalog

number K105] or equivalent)

6. Pipette, 5 mL, sterile, individually wrapped (such as the Greenwood Products’ Sterile 5mL Standard Transfer

Pipette [Greenwood Products, Inc., Middlesex, New Jersey; catalog number GS137038] or equivalent)

7. Screw-cap specimen container, 4 ounce, sterile, individually wrapped (such as General Purpose Specimen

Container [Kendall Healthcare, Mansfield, Massachusetts; catalog number 8889-207026] or equivalent)

8. Sample labels

or

Permanent marker

9. Re-sealable plastic bag, 1-quart or smaller

10. Re-sealable plastic bag, 1-gallon or larger

Gauze Sampling Procedure

1. Wearing a pair of gloves over existing gloves, place the disposable template over the area to be sampled and

secure it. If the template cannot be used, measure the sampling area with a disposable ruler, and delineate the

area (144 in to be sampled with masking tape.

2. Partially peel open the sterile gauze package carefully exposing the gauze.

Note: The sterile gauze should not be touched without sterile gloves.

2 2

2
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3. Measure 5 mL of neutralizing buffer solution from the 10 mL container using a disposable pipette and apply to

sterile gauze in its original packaging. Remove outer gloves.

Note: The moistened gauze should not be dripping neutralizing buffer solution.

Note: Any unused neutralizing buffer solution and the pipette must be discarded.

4. Don a pair of sterile gloves.

Note: Sterile gloves are required when sampling with gauze because of the direct contact with the sampling

media.

5. Remove one of the sterile gauze (if two per package) and dispose of or retain the other gauze as a field blank

(see section 4.1).

6. Completely unfold the remaining moistened sterile gauze, and then fold in half.

7. Wipe the surface to be sampled using the moistened sterile gauze, fingertips should be held together and apply

gentle but firm pressure. Use an overlapping ‘S’ pattern to cover the entire surface with horizontal strokes.

8. Fold the exposed side of the gauze in and wipe the same area again using vertical ‘S’-strokes.

9. Fold the exposed side of the gauze in once more and wipe the same area using diagonal ‘S’-strokes.

10. Fold the gauze, exposed side in, and place it into a sterile screw-cap specimen container.

11. Securely tighten the srew-cap and label the container (e.g., unique sample identifier, sample location, initials of

the collectors and date and time sample was collected).

12. Place the sample container into a re-sealable 1-quart plastic bag. Securely seal and label the bag (e.g., sample

location, date and time sample was collected, and name of individual collecting the sample). Specimen

containers and resealable bags may be pre-labeled to assist with sampling efficiency. Note: Remove excessive

air from the re-sealable plastic bags to increase the number of samples that can be shipped in one container.

13. Dispose of the template, if used.

14. Remove outer gloves and discard. Clean sterile gloves should be worn for each new sample.
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Blanks

Field Blanks

Field blanks are samples handled exactly the same as those used to collect field samples, except they are not

allowed to come into contact with the contaminated surface. It is used to estimate contamination arising from

preparation for sampling, sampler technique, and shipment and storage prior to analysis. The number of field

blanks collected should be equal to at least 10% of the samples collected. Field blanks should be collected while in

the contaminated area. While wearing clean (sterile gloves for handling gauze), the macrofoam swab, cellulose

sponge, or gauze should be removed from its packaging, moistened (as needed, see sections 3.1, 3.2 and 3.3), and

then placed in the appropriate container (either a centrifuge tube or specimen container). An aliquot of the unused

portion of the opened neutralizing buffer solution should also be collected when using macrofoam swab, cellulose

sponge, or gauze media that are not pre-moistened.

Media Blanks

Media blanks are unexposed samples used for background correction of sample readings or for recovery studies.

Provide two unopened sample media (macrofoam swab, cellulose sponge, or gauze) per lot used and provide two

unopened, unused samples of the neutralizing buffer solution (if not using pre-moistened media) as media blanks to

the processing laboratory.

Decontamination

Sample Bag Decontamination

1. Place multiples of the re-sealable 1-quart plastic bags into a 1-gallon re-sealable plastic bag. Securely seal the 1-

gallon re-sealable plastic bag and label the bag (e.g., identify samples contained in the re-sealable plastic bag,

sample locations, date and time samples were collected, and name of individual collecting the samples).

2. Decontaminate the outer surface of the larger re-sealable plastic bag using a fresh pH-adjusted bleach solution

(household bleach diluted 1:9; pH-adjusted to 6.8-8.0) with a 10-minute contact time before the re-sealable

plastic bag leaves the contaminated area. This solution can be prepared by:

Step 1: Mixing one part household bleach (5.25 to 6.0 % sodium hypochlorite) with 5 parts water (v/v);

Step 2: Adding 1 part white vinegar; and

Step 3: Adding 3 parts of additional water.

Note: Additional information about decontamination is available at

www.epa.gov/opp00001/factsheets/chemicals/bleachfactsheet.htm

(http://www.epa.gov/opp00001/factsheets/chemicals/bleachfactsheet.htm) .

3. Thoroughly dry the outside of the re-sealable plastic bag.

4. Complete a chain of custody form.

Note: Once the outer re-sealable plastic bag is decontaminated, it should not be opened outside of appropriate

containment in a laboratory.

5. Place the larger re-sealable plastic bag into an appropriate container for shipping (See Sample Shipment

section). YM95NC Attachment -- Page 348
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Decontamination of Bags Containing Documentation

1. Place sample sheets and other documentation in a separate re-sealable plastic bag. The sheets should be placed

two to a bag with the face of each sheet facing out. Securely seal and label the bag (e.g., corresponding sample

locations, date and time samples were collected, and name of individual collecting the samples).

Note: It is important to only write on one side of the paper, the face, when collecting information.

2. Decontaminate the outer surface of the larger re-sealable plastic bag using a fresh pH-adjusted bleach solution

(household bleach diluted 1:9; pH-adjusted to 6.8-8.0) with a 10-minute contact time before the re-sealable

plastic bag leaves the contaminated area. This solution can be prepared by:

Step 1: Mixing one part household bleach (5.25 to 6.0 % sodium hypochlorite) with 5 parts water (v/v);

Step 2: Adding 1 part white vinegar; and

Step 3: Adding 3 parts of additional water.

Note: Additional information about decontamination is available at

www.epa.gov/opp00001/factsheets/chemicals/bleachfactsheet.htm

(http://www.epa.gov/opp00001/factsheets/chemicals/bleachfactsheet.htm) .

3. Thoroughly dry the outside of the re-sealable plastic bag.

4. Complete a chain of custody form.

Note: Once the outer re-sealable plastic bag is decontaminated, it should not be opened outside of appropriate

containment.

5. Place the larger re-sealable plastic bag into an appropriate container for shipping.

Sample Shipment

1. Transport all samples to the processing laboratory on wet ice or on cold packs.

Note: Samples may be stored at 2°C–8°C prior to processing and should be processed within 48 hours of

collection.

2. Appropriate chain of custody forms and analytical request forms should be included with each shipment sent to

the processing laboratory. Containers used to transport the samples and accompanying contaminated

documentation and equipment should be prepared and shipped according to the appropriate regulations for

transporting infectious. The most current Code of Federal Regulations, International Air Transport Association

guidelines, and other appropriate regulator or guidance publications should be consulted for compete

instructions. The shipper is responsible for ensuring adherence to the most current and appropriate

regulations.

Note: Do not transport contaminated equipment/supplies in the same container as the samples.

Related Topics

Emergency Response Health Monitoring & Surveillance

Follow NIOSH
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ABSTRACT 
Diploid strains of baker’s yeast Saccharomyces cermisiae can grow  in a cellular yeast form or in filaments 

called pseudohyphae. This dimorphic transition from yeast to pseudohyphae is induced by starvation 
for nitrogen. Not a11 laboratory strains are capable of this dimorphic switch;  many  grow  only  in the yeast 
form and fail  to form pseudohyphae when  starved for nitrogen. Analysis  of the standard laboratory 
strain S288C shows that this defect in dimorphism results from a nonsense mutation in the FL08 gene. 
This defect in FL08 blocks pseudohyphal growth  in diploids, haploid invasive growth, and flocculation. 
Since feral strains of S. cermisiae are dimorphic and have a functional FL08 gene, we suggest that the 
$08 mutation was selected during laboratory cultivation. 

Is” CCHAROMYCES cerevisiae is a  dimorphic  fungus ca- 
pable of interconverting between a unicellular 

yeast form and a multicellular filamentous form called 
a pseudohypha (HANSEN 1886; GIMENO et al. 1992). 
Pseudohyphae are  induced in MATa/a diploid cells by 
starvation for  nitrogen in the presence of a  fermentable 
carbon source (GIMESO et al. 1992). Pseudohyphal cells 
exhibit at least five distinctive characteristics: They have 
an elongated cell shape, fail to  separate after cell  divi- 
sion, divide  in a  unipolar  manner (the first and subse- 
quent buds  emerge from the  free ends), invade beneath 
the surface of the  agar, and have a distinct cell  cycle 
that  appears to lack the  extended G1 phase typical  of 
yeast form cells (KROS et al. 1994). 

Elements of the yeast mating signal transduction 
pathway  SteQOp(PAK), Stellp(MEKK), Ste7p(MEK), 
and  the transcription factor Stel2p  are required  for 
pseudohyphal growth as  well  as for mating (LIU et al. 
1993). Mutations in the genes encoding these proteins 
of the mitogen-activated protein ( M A P )  kinase  cascade 
block the  formation of filaments. Neither of the MAP 
kinases, Fus3p or Ksslp, appears  to  be  required for 
pseudohyphal growth because the fus3lzssl double mu- 
tant forms normal pseudohyphae under conditions of 
nitrogen starvation. Recently, it has been shown that 
this filamentation kinase cascade is activated by the 
RAS2 gene (MOSCH et al. 1996). A number of other 
genes have been  reported to affect pseudohyphal 
growth including SHR3 (LJUNGDAHL et al. 1992), GRRl 
(BARRAL et al. 1995; BARRAL and MANS 1995), PHDl-7 
(GIMESO and FISK 1994), ELM1 (BUCKETER et al. 
1993), and PPSl (BUCKETER et al. 1994). However, the 
relationship of these genes to the kinase cascade has 

Corresponding author: Gerald R. Fink, Whitehead  Institute for Bit- 
medical  Research,  Nine  Cambridge Center, Cambridge, MA 02142. 

Genetics 144: 967-978 (November, 1996) 

not yet been elucidated. The MAP kinase cascade a p  
pears to control development in other fungi as  well; 
Cphlp, a Stel2p homologue has been implicated in 
the regulation of hyphal growth  in Candida albicans, the 
most common fungal pathogen in humans  (LIU et al. 
1994). Similarly,  Fuz7p, a Ste7p homologue, is involved 
in filamentation in Ustilago  maytis (BANUETT and  HER- 
SKOWITZ 1994). 

Haploid strains of  Saccharomyces exhibit an invasive 
growth behavior with  many  similarities to pseudohyphal 
development, including filament formation and agar 
penetration.  The same components of the MAP kinase 
cascade  necessary for diploid pseudohyphal develop- 
ment (STE20,  STElI, STE7, and STEl2)  are also re- 
quired for haploid invasive  growth (ROBERTS and FISK 
1994). Despite the similarities between diploid pseu- 
dohyphae  and haploid filamentous growth, there  are 
several differences. Haploids invade well on rich W D  
medium whereas diploids do not. Moreover, diploids 
but  not haploids form pseudohyphae under conditions 
of nitrogen starvation. 

Although many feral strains of  Saccharomyces are 
capable of forming filaments, a  number of laboratory 
strains dubbed “wild type” are incapable of forming 
pseudohyphae or of haploid invasion. In this report we 
examine the genetic basis for this variation between 
different laboratory strains. The genetic and molecular 
analysis of a strain that can form pseudohyphae 
(Z1278b) with one  that can not (S288C)  shows that 
S288C contains a “naturally occurring  mutation” in the 
FLOggene, which prevents both pseudohyphal develop- 
ment  and haploid invasion. 

MATERIALS  AND  METHODS 
Media and yeast strains: Standard yeast media were pre- 

pared and yeast genetic manipulations were performed as 
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TABLE 1 

Yeast strains used in this study 

Yeast strains  Genotype  Background and  source 

CGx68 
CG25 
CG41 
CGx52 
L4973 

F762 
10362-6A 

L5809 

X10375 

10362-3A 

10375-6B 
104 15-8D 
L5281 
X10397 

10397-7D 
L5107 
L5810 
L5811 
L5812 
N 3  
N 2  
L5302 
L5304 
L5813 
L5814 
L5306 
10459-4B 
161  
10480-5C 
10480-5D 
L5366 
L5816 
L5817 
L5818 
L5819 
DAIrho'%JM113 

10397-9B 

D273-10B/Al 
A364A 
L5682 

EY699 
EM93 

Fleischmann's yeast 
Red Star dry yeast 
Beer2 

a / a  
a ura3-52 shr3-102 
a u r d 5 2  shr3-102 
a / a  ura3-52/ura3-52 shr3AI::URA3/shr3AI::URA? 
a ura3-52 ade2 lys2 shr3AI::URA3jlo8-1 

a trplA I ura3-52 $08-1 
a shr3Al::URA3 ura3-52 ade2 $08-1 
a shr3Al::URA3 ura?-52 jlo8-I 
a / a  s~~~AI::URA~/S~~~AI::URA~$~~-I/$~~-I 

ura?-52/ ura?-52 ade2/ADE2 
a / a  shr3Al::URA3/shr3-202  ura3-52/ura3-52 adeZ/ADEZ 

$08-l/FL08 
a ura?-52 shr3-102 $08-1 
a ura3-52 shr?-l02 jlo8-I 
a urd-52 shd-102 jloS-l::URA3::FL08 
a / a  ura3-52/ura3-52 shr3-l02/shr3-l02jlo8-I/FI~08 
a $08-1 shr3-102 ura?-52 
a $08.1 shr3-I02 ura3-52 
a / a  jl08-l/$o8-1 shr3-l02/shr?-l02 ura3/ ura3-52 
a / a  $08-l/jl08-1 shr?-l02/shr?-lO2 ura?/ ura3-52 (pRS316) 
a / a  jlo8-I/fl08-1 shr?-l02/shr?-l02 ura3/ ura?-52 (pHLl) 
a / a  $08-1/$08-1 shr3"102/shr?-102 ura?/ura3-52 (pHL36) 
a ura?-52$08-I  GAL+ 
a ura3-52j08-I GAL' 
a $O~-I::CIRA~::FI,O~ ura3-52 GAL+ 
CY jlo8-I::URA?::FL08 ura?-52  GAL+ 
a / a  ura3-52/ u r d 5 2  $08-1/$08-1 GAL+ 
a / a  ura?-52/ura3-52 $08-1/$08-1 GAL+ (URA3) 
a / a  $o8-I::URA?::FLO8 ura3-52/$08-I::URA3::FL08 ura3-52 
a jlo8-l::URA3::FL08 ura3-52 his?A200 
a spr6::HIS3::SPR6 his? trpl leu2 ura? ilu2 met6 adel(or add) 
a ura3-52 
a ura?-52 
a / a  ura3-52/ u r d 5 2  
a $08-2 ura3-52 
a $08.2 ura3-52 
a / a  jl08-Z/$08-2 ura?-52/ ura?-52 
a / a  ura?-52/ura3-52 + (FL08/ URA3/2p) 
a / a  lys2/ LYS2 ura?/ URA3 adeZ/ADEZ [ ~ 0 x 2 - 1  01 

a met6 
a adel ade2 gall his7 lys2 tyrl vral 
a / a  ura?-l/ura3-l canl-l00/canl-l00 eu2-3,112/LEU2 

hiy3AZOO/HIS3 trpI-I/TRPl 
a canl-100 ura3-l leu2-3,112 his3-11.15 ade2-1 trpl-l  
a / a  

a/a 
a / a  
a/a 

2127813, GIMENO et al. (1992) 
2127813, GIMENO et al. (1992) 
21278b,  GIMENO et al. (1992) 
2127813, LJUNGDAHL et al. (1992) 
S288C, shr3Al::URA? transformant in 

AA255 RUDOLPH et al. (1989) 
S288C, gift from JIM THOMAS 
S288C, ascospore of L4973 X F762 
S288C, ascospore of L4973 X F762 
10362-6A X 10362-3A 

10362-6A X CG25 

S288C and  21278b,  ascospore of X10375 
S288C and 2127813 
10415-8D transformed with pHLl l  
10375-6B X CG25 
S288C and 2127813, ascospore of X10397 
S288C and 2127813, ascospore of X10397 
10397-9B X 10397-7D 
L5107 + pRS316 
L5107 + pHLl 
L5107 + pHL36 
S288C, WINSTON et al. (1995) 
S288C, WINSTON et al. (1995) 
S288C 
S288C 
N 3  X N2 
L5813+ pRS316 
L5302 X L5304 
S288C 
KAI.LAL et al. (1990) 
2127813 
2127813 

2l278b 
2127813 
L5816 X L5817 
L5366 + pHL135 
MULERO  and FOX (1994), MULLER et al. 

(1984) 
SHERMAN; CORUZZI et al. (1978) 
HARTWELI. 
W303, F1575 X EY698, ELION et al. 

(1991a) 
W303, EIJON et al. (199la) 
S288C progenitor, MORTIMER and 

Specialty Brands,  San Francisco, CA. 
Universal Foods  Corp., Milwaukee, WI. 

JAIME CONDE, Seville, Spain 

2127813, 10480-5C X 10480-5D 

JOHNSTON (1986) 

described  (SHERMAN et al. 1986). SLAD medium (synthetic 
low ammonia  dextrose medium) was prepared as described 
(GIMENO et al. 1992). 

The yeast strains used  in this study are listed in  Table 1. 
All C strains were derived from C1278b (also known as 
MB1000) and MB758-5B (BRANDRISS and MACASANIK 1979; 
SIDDIQUI and BRANDRISS 1988). As documented  in RESULTS, 
the pseudohyphal  defect in S288C results from a  mutation  in 
the FLO8 gene.  The  gene in our lab was originally designated 
PHDlO before recent identification of this sequence as that 
of FL08 in the database. To avoid confusion, the FL08 acro- 
nym is used in all gene designations. The scoring of pseudohy- 
phal growth in crosses was complicated by the segregation of 

modifiers, which sometimes made it difficult to distinguish 
FL08 from $08. To aid  in the scoring of tetrads (in  the cross 
between S288C and Z1278b) we used  strains that carried the 
shd  mutation,  an  enhancer of pseudohyphal growth [either 
a spontaneous  mutation shr3-102 or  an in vitreconstructed 
deletion shr3AI :: URA3 (GIMENO et al. 1992; LJUNCDAHL et al. 
1992)l. Two different S288C strain  backgrounds were used 
in this study. In the initial crosses between C1278b and S288C, 
we used  a S288C strain (10362-6A) that carries  a shr3 muta- 
tion. 10362-6A  was one of the ascospore progeny from a cross 
between L4973 and F762 (a gift from JIM THOMAS). As de- 
scribed in  the RESULTS, 10362-6A differs from X127813  by con- 
founding mutations  in addition to $08 and  cannot be  restored 
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TABLE 2 

Plasmids  used in this study 

Plasmid Description Source or reference 

B3258 C yeast genomic library on pRS316 This study 
pHLl 4.3-kb insert with FL08 on pRS316 This study 
pHL36 >&kb insert with FL08 on pRS316 This study 
pHLl1 FLO8/ YIP/ URA? This study 
pHL129 jlo8::hisGURA3KanRhisG This study 
pHL13O FLO8::myc?/ URA3/ CEN This study 
pHL138 FLO8::myc3/ URA3/2p This study 
pHL132 jlo8::LacZ/ URA?/ 2p This study 
pHLl35 FL08/ URA3/ 2p This study 
pCT3 S288C  yeast genomic library THOMPSON et al. (1993) 
YEp357R LucZ/ uRA3/ 2p MYERS et al. (1986) 
pKB241 Triple myc epitope in  pUC19 DANIEL KORNITZER and STEVE hOh!  

pSE1076  hisGURA3KanRhisG STEVE ELLEDCE 
pRS316  URA3/CEN SIKORSKI and HIETER (1989) 
pRS306 rn?/ YIP SIKORSKI and HIETER (1989) 
pRS202 m3/ 2p PHIL HIETER, unpublished data 

to pseudohyphal growth  simply by transformation with FL08. 
However, ascospore derivatives from a E1278b X 10362-6A, 
which segregate only $08, can be complemented by FLU8 on 
a plasmid. After we obtained the FL08 gene  on  a DNA  plas- 
mid, we used another set of  S288C strains (FY3 and m), 
which do not seem to have these confounding mutations and 
can be transformed to Phd+ by FL08. 

We also examined other laboratory strains, some industrial 
strains, and EM93, a  progenitor of  S288C (MORTIMER and 
JOHNSTON 1986) to determine  the presence of ajo8mutation 
and the ability to form filaments. 

Construction of a E yeast  genomic library: Genomic DNA 
was prepared from a X strain CGx68 and partially digested 
with  Sau3A.  DNA fragments were then size-fractionated over 
a gel filtration column (a prepacked G50 column from BRL) 
to collect fragments larger than  4 kb. The Sau?A ends were 
partially  filled in with  dATP and dGTP and ligated to dCTP- 
and dTTP-filled SalI ends in the URA3/CENplasmid  pRS316 
(SIKORSKI and HIETER 1989). Over  75,000 independent Esheri- 
chia coli transformants were obtained. Almost  all the plasmids 
in  the library have inserts, two-thirds of  which  carry inserts of 
4-8  kb, and one-third of  which  have inserts of 2-4 kb. 

Cloning of FL08 by complementation in afl08/flo8 diploid 
straim Our C yeast genomic library was transformed into a 
diploid $08/$08 strain (L5107) yielding -9000 Ura+ trans- 
formants. These Ura+ transformants were collected, titered, 
and replated onto SLAD plates at a colony  density of - 100- 
200 per plate. After  4-5 days  of growth at 30°,  -7500 colonies 
were  visually screened for pseudohyphal growth under a die 
secting microscope. One clone (pHL1) from the screen com- 
plemented theflo8/$08pseudohyphal growth defect of  L5107 
very  well. In a second experiment, -100,000 transformants 
were obtained  on SC -Ura plates. These were pooled and 
replated onto SLAD plates at -1000 per plate. We  visually 
screened  about 700,000 total colonies on SLAD medium, and 
isolated one clone (pHL36) that fully complemented the 
Phd- phenotype in  L5107.  Nine transformants that failed to 
complement L5107  fully  were  also isolated. Restriction  diges- 
tions indicate that pHLl  and pHL36 contain overlapping 
DNA fragments, and the other nine isolates  all  carry another 
gene. 

Plasmid  constructions: Plasmids constructed in this study 
are listed  in Table 2. pHLl  and pHL36 are  the two original 
FL08 isolates from our yeast genomic library. pHLl has 

4.&kb insert and pHL36 has an -&kb insert. The pHLl  and 
pHL36 have an overlap of -3 kb. 

The FL08::URA?/MP plasmid (pHL11) was constructed 
by placing the insert from pHLl  (a XhoI-XbuI fragment)  into 
the XhoI-XbuI site in  the polylinker of  pRS306  (SIKORSKI and 
HIETER  1989). For integrative transformation at FL08 the plas- 
mid was linearized with  BglII enzyme. 

The FL08::LacZ plasmid (pHL132) was constructed by 
cloning the XbaI-KpnI fragment from pHLl  into a LucZ/ 
URA3/2p plasmid, YEp357R (MYERS et ul. 1986).  The XbaI 
site is in the polylinker and the KpnI site is in FL08 coding 
region. This fragment contains 5' flanking sequence and part 
of the coding sequence of FL08 fused  in frame to the Lac2 
gene  at the KpnI site. 

The FL08/URA3/2p plasmid (pHL135) was constructed 
by cloning the insert from pHLl  (a Sad-XhoI fragment)  into 
an URA3/2p plasmid pRS202 (at the Sad-XhoI site of the 
polylinker). 

The FL08 : : myc3/ Urn?/ CEN plasmid (pHLl30) was con- 
structed by inserting a BamHI triple myc (myc3) fragment 
from B2768 (a gift from Drs. D. KORNITZER and S. KRON) at 
the BglII site of the FL08 in pHLl.  The orientation of the 
insertion and in-frame  fusion of the myc3 in FL08 was con- 
firmed by sequencing. A FLO8::myc?/URA3/2p plasmid 
(pHL138) was created by subcloning the insert from pHLl3O 
(a SucI-XhoI fragment) into pRS202, a URA?/2p plasmid. 

A deletion of FL08 called $08-2 on plasmid  pHL129 was 
constructed in  two steps. First, the BstEII to SnaBI region of 
the FL08 in pHLl plasmid was replaced by the BamHI-BglII 
fragment of  hisGURA3KunRhisC from pSE1076 (a gift from 
Dr. STEVE ELLEDGE) by blunt-end ligation and subsequent 
selection of transformants for both ampicillin and kanamycin 
resistance. After isolating the Amp'Kan' transformants and 
the corresponding plasmid, we cut out the  entire $08:: hisG 
URA3KanRhisG::$o8 region with SacI and KpnI and cloned it 
into  a bluescript plasmid to form plasmid  pHL129. 

DNA sequence analysis of FLO& Nested deletions (from 
the SacI direction only) of the insert in  pHL36  were generated 
by digestion with  Ex0111 (HENIKOFF 1984) and single-strand 
nucleotide sequence was determined by the dideoxy chain 
termination method  (SANGER et al. 1977). Based on this  se- 
quence,  the  appropriate primers were  synthesized  to  se- 
quence the complementary strand. Protein homology 
searches were performed via the World  Wide  Web by using 
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the BLAST Search Page at National Center for Biotechnology 
Information (ALTSCIIL~I. rt a/. 1990).  The GenRank accession 
number for FLO8 is  U.51431. 

DNA manipulations of FLO& To integrate FLOR at  the ho- 
mologous chromosomal site, we cut  pHLl1 with BgnI to lin- 
earize the plasmid at  the FLO8 coding region and then trans- 
formed yeast Ura- strains. Ura'  yeast transformants were 
selected and integration by gene replacement was confirmed 
by Southern analysis. A strain carrying a null allele of FL.08 
was constructed by digesting plasmid pHLl29 carrying $08-2 
with KpnI and Sad to cut  out the J08::hisCIIRA3knn"htsc 
fragment and  then transforming C FLO8 strains with the di- 
gested plasmid. Ura' transformants were first screened by 
PCR reactions for loss of the F L 0 8  band and the putativeJlo8- 
2 strains were confirmed by Southern  blot analysis. 

The Jo8 mutant allele present in  S288C was cloned by gap 
repair. The autonomously replicating plasmid pHLI, con- 
taining FLO8, was digested with  BstEII and  the digested DNA 
fragments were separated on an agarose gel from which the 
larger DNA fragment (containing gapped 1.1-08 on the vec- 
tor) was eluted. BstEII, which cuts twice in FTO8 gene  and 
has no sites in the vector, liberates a segment of DNA that 
spans  the region of the presumed mutation in the  S288Cjl08 
gene (see Figure 2).  The purified DNA fragment was used to 
transform an S288Cflo8-l/flo8-1 diploid  strain (L5107). Ura' 
transformant? were tested for  their ability to form pseudohy- 
phae on SLAD medium. All Ura' transformants with gapped 
pHLl gave Phd- colonies. DNA  was extracted from the Ura' 
Phd- transformants and transformed into E coli to amplify 
the plasmid for DNA sequencing.  Control  experiments in 
which a plasmid with an intact FL08 gene on the plasmid was 
used to transform aflo8/Jlo8 diploid gave Phd' transformants. 

Photomicroscopy: Photographs of colonies were taken un- 
der bright field (GIMENO rt al. 1992). Indirect  immunofluo- 
rescence was carried out using standard  procedures  for yeast 
(PRINGLE rt al. 1991). Formaldehyde was added to fresh early 
log  cultures  to a final concentration of 3.7%. cultures were 
incubated at room temperature for 30 min. Cells were then 
collected and resuspended in 3.7% formaldehyde, 0.1 M po- 
tassium phosphate  buffer (pH 6.5), incubated  for l hr  at 
room temperature, washed three times with spheroplasting 
solution (1.2 M sorbitol, 0.1 M potassium phosphate pH 7.5) 
and resuspended in 1 ml  of the same solution plus 25 mM 0- 
mercaptoethanol and 25 pg/ml zymolyase. After 30 min of 
digestion at SO", spheroplast? were collected and loaded onto 
polv-L-lysine coated multi-well slides. Excess  cells were aspi- 
rated away. Spheroplasts on the slide were immersed in cold 
methanol  for  5 min at -20" and rewetted with phosphate- 
buffered saline (PBS) solution containing 1 mg/ml bovine 
serum  albumin (BSA).  Cells  were then covered with 15 p1 
primary anti-myc mouse monoclonal 9E10 (1:100 diluted into 
the PBS/BSA solution)  and incubated in a moisture chamber 
for  1  hr. The second antibody was an DTAF-conjugated anti- 
mouse IgG (1:50 dilution). Antibodies were washed away after 
each  incubation. 4',Miamidino-2-phenylindole (DAPI) (1 
pg/ml) was incubated with the cells before  loading  the 
mounting solution. 

RESULTS 

S288C strains have a mutation that blocks pseudohy- 
phal formation: Haploid strains (Mata and Matcu) from 
the S288C and C1278b (C) backgrounds were mated 
in all combinations to form diploids, and these were 
subsequently analyzed for  their ability to make pseu- 
dohyphae  on SLAD medium. Diploids obtained from 
C X C matings form abundant pseudohyphae (Phd+), 

E 
, 

FIGURE 1  ."S288C strains have a mutation Vo8- I )  i n  FLO8, 
a gene necessary for filamentous growth. (A) A C 1;1,08/F1,08 
diploid  strain (03x52). (B) A S288C jo8-l/j!o8-1 diploid 
strain (10362-6A X 3A). (C) A diploid formed by a mating 
between I; F7-08 and S288C Jo8-I (X1037.5). (D) A Jo8-1/ 
$08-1 diploid strain formed between progeny from the cross 
X10375 (L5810). (E)  The jlo8-l/flo8-I diploid strain in D 
transformed with FLO8 in plasmid pHLI: (L5811). (F)  The 
jZoR-l/Jlo8-l diploid strain transformed with FI-08 in plasmid 
pHL36: (L5812). Yeast cells  were streaked out on SLAD  me- 
dium and colonies were photographed  after growth for 4 days 
at 30". 

whereas those from a S288C X S288C mating fail to 
form pseudohyphae (Phd-) (Figure 1, A and B). In all 
matings between a C haploid and a S288C haploid,  the 
diploids made  pseudohyphae (Phd', Figure 1C). One 
of the crosses (X10375) between a strain from the C 
background (CG25) and  one from the S288C back- 
ground (10362-6A) was examined by tetrad analysis to 
determine  whether  the  difference between C and 
S288C resulted from a mutation in a single gene. In 
each tetrad  the ability  of an ascospore to form pseu- 
dohyphae was assayed by mating i t  to a strain from the 
S288C background as a tester (10362-6A,  10362-3A) and 
determining  the  Phd  phenotype of the resulting d i p  
loid. Tetrads derived from the C X S288C cross 
(X10375) gave  strictly 2:2 segregation for all known 
markers. Each tetrad segregated two Phd- spores, d i p  
loids formed between these and an S288C strain failed 
to form any pseudohyphae. However, the pseudohyphal 
phenotype of the other two spores varied considerably, 
occasionally, one of the two formed florid pseudohy- 
phae;  more  often, they produced vely few pseudohy- 
phae.  These observations indicate that this  cross was 
segregating a mutation in a single gene  that blocks 
pseudohyphal formation,  but was also segregating addi- 
tional mutations that modi@ the level  of pseudohyphal 
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growth. The effects of these additional mutations on 
pseudohyphal growth  were subtle and variable, preclud- 
ing  their isolation and identification by genetic analysis. 
However, the  mutation with the strongest Phd-  pheno- 
type could be  separated from other mutations by back- 
crosses. 

To obtain strains segregating the single strong pseu- 
dohyphal mutation we backcrossed a  Phd-  spore 
(10375-6B) from this cross  (X10375) to  a strain 
(CG25) to produce diploid X10397. The cross  X10397 
yielded tetrads with a clear 2 Phd+:2  Phd- segregation 
and little variation among  the  Phd+ spores. The  gene 
required  for pseudohyphal formation that is segregat- 
ing in this cross was provisionally designated PHDIO. 

Cross  X10397 produced  a convenient set of haploid 
phdlo testers (10397"?D,  10397-9B).  Matings between 
these phdlO tester strains and any other phdlO strains 
fail to produce pseudohyphae (Phd-) . Using these test- 
ers, we found  that strains from the C1278b background 
are all PHDIO, whereas those from the S288C  back- 
ground  are all phdZO. A s  noted previously and in MATE- 

RIALS AND METHODS, many  S288C  derivatives contain 
additional mutations that  mute  the ability  of  S288C 
PHDIO strains to form pseudohyphae in diploids 
formed in matings with either C or S288C PHDlO 
strains. 

PHDlO is FLO& A URA? centromere-based plasmid 
library was constructed from a strain (see MATERIALS 

AND MZTHODS) and used to clone  a functional copy  of 
PHDlO. The C genomic library was transformed into  a 
diploid phdIO/phdIO strain L5107, and the trans- 
formants were screened visually on SLAD medium for 
clones that  complemented  the  Phd- defect. Restriction 
digests of the 11 plasmids isolated by this visual  assay 
indicated that they represent two genes. One of these, 
deemed  the PHDlO gene,  represented by plasmids 
pHLl  and pHL36, complemented  the  Phd- phenotype 
fully (Figure 1, E and  F).  The  other nine isolates repre- 
sent another  gene, which did  not  complement fully 
and only stimulated surface pseudohyphal growth  in a 
phdIO/phdIO diploid.  Subsequent  gene  integration and 
genetic analysis  showed that  the second gene is not 
linked to the phdlO mutation, and therefore it was not 
studied  further. 

To determine  whether  the putative PHDlO clones 
(pHL1  and pHL36) actually contained  the PHDlO 
gene, we first integrated  the  cloned DNA segment to- 
gether with the URA3 gene (pHLll) ,  into  a site of 
PHDlO homology in a haploid strain (10415-8D) by 
transformation (MATERIALS AND METHODS). The urn? 
gene functions as a selectable marker  that tags the inte- 
grated region. Southern analysis confirmed  that  the in- 
tegrations occurred by homologous recombination. 
One  ura+ transformant (L5281) was mated to a phdlO 
strain (10397-7D) and the resulting diploid was fully 
capable of forming pseudohyphae. Therefore,  the inte- 
grated DNA segment (pHLl1) in single copy is capable 

of complementing  the  Phd- defect of phdlO strains. 
The diploid strain was dissected and all 16 spores from 
four tetrads were  analyzed for  their ability to form pseu- 
dohyphae in diploids formed in matings with phdlO 
tester strains 10397-7D or 10397-9B. In all four tetrads, 
pseudohyphal growth segregated 2 Phd+:2 Phd- with 
Phd+ completely linked to  Ura+.  Thus, the sequence 
that  conferred  the Phd' phenotype segregated as a sin- 
gle gene  and was linked to  the URA3 sequence  that 
was introduced by integrative transformation. The  Ura+ 
transformant (L5281) was also mated to a PHDIOstrain 
(CG41). The resulting diploid was dissected and 12 tet- 
rads were  analyzed for their ability to form pseudohy- 
phae in diploids formed by mating with phdlO tester 
strains (10397-7D or 10397-9B). All the meiotic progeny 
from  the diploid strain were Phd+. This result shows 
that plasmid pHLl1 integrated at  the PHDlO locus. 
From the ability  of pHLll to suppress the functional 
defect of phdlO strains and its ability to integrate by 
homology at the PHDlO locus we conclude that we have 
cloned the C1278b PHDlO gene. 

To map  the PHDlO gene, we first  hybridized a PHDlO 
probe  to  a  panel of phage lambda clones that covers 
82% of the yeast genome (RILES et al. 1993). PHDlO 
hybridized with clones 2650 and 6052 from chromo- 
some Von the blot, locating the  gene to the region of 
overlap between these two clones. The positions of 
clone 2650 and 6052  suggested the following order for 
genes in  this region: TRPI, RALl51, PHDlO, BEMZ and 
SPR6. This position of PHDlOwas confirmed by meiotic 
mapping. Tetrad analysis  of a  three  point cross  between 
yeast strains 16-1 and 10459-4B place PHDlO between 
met6 and sjn-6 about 0.9 cM from spr6. 

The DNA segment  shared by both PHDlO comple- 
menting plasmids pHLl  and pHL36 was sequenced. 
One large open  reading  frame (OW) with  799 amino 
acid residues was identified. The putative amino acid 
sequence did not reveal  any informative motifs. There 
is a stretch of glutamine residues that is present in  many 
transcription factors, which accounts for the fact that 
several  yeast transcription factors have the highest simi- 
larity to PhdlOp from our BLAST search (Gallp, 
Pho2p, TBP and Ssn6p) . After  submission of this paper, 
this sequence we were calling PHDlO appeared in  Gen- 
bank as FL08, a putative transcriptional activator  of 
FLOl (KOBAYASHI et al. 1996). Although previous  work 
had mislocated FLO8 on chromosome WIZ (TEUNISSEN 
et al. 1995), FL08 and PHDlO are  the same gene, which 
is located on chromosome V. Therefore, we  will refer 
to this gene as FL08 and its mutations as $08. All the 
strain designations in the tables and figures follow  this 
assignment. 

The S288C $08-1 mutant allele: The SGD sequence 
of FL08, derived from S288C, differs by 1 bp in the 
coding region from our sequence of FL08 obtained 
from (Figure 2).  The existence of this  base-pair 
change in S288C strains was confirmed by cloning and 

YM95NC Attachment -- Page 355



972 H. Liu, C. A. Styles and G. R. Fink 

1 

m 
"" TAXI= 
-m"p 

""" 

a" 

M S Y K V N S S Y P D S I P P T E O E  
241 

Y M A S O Y K O D L O S N I A M A T N S E O O R O O O O O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q  
361 

P T A E N S D L K E K M N C K N T L N E Y I F D F L T K S S L K N T A A A r A Q  
481 BstBII 

D A H L D R D K G O N P V D G P K S K E N N G N O N T F S K V V D T P O G ~ L ~  

ca"P 
601 A 

m-m 

R1 
~ W Q I F W D I F N T ~ S S R G G S E F A Q Q Y Y Q L V L Q E Q R Q E Q I ~ R  

S L A V H A A R L Q H D A E R R G E Y S N E D I D P ~ H L A A M M L G N ~ ~ A ~  
a m m T c r m m x m  

841 
" - r a u - X l m m  

961 

BstE I1 

A V O M R N V N M N P I P I P M V G N P I V N N F S I P P Y N N A N P T T G A T  

- m m  
B V A P T A P P S G D F T N V G P T O N R S O N V T G W P V Y N Y P M O P T T E  

" 
1081 

T T - "  
~ P V G N P C N N N T T N N T T N N K S P V N O P K S L K T M H S T D K P N N y  
1201 Bpl I1 

P T S K S T R S R S A T S K A K G K V K A G L V A K R R R K N N T A T V S A G S  
I321 
"A-lXlKT- 

T N A C S P N I T T P G S T T S E P A M V G S R V N K T P R S D I A T N F R N Q  
1441 

b I I F G E E D I Y S N S K S S p S L D G A S P S A L A S K O P T K V R K N T 6  

r+za33"P 
E61 

1681 
"?Grr"P 

1801 
TrlE4Km-m" 

K A S T S A F P V E S T N K L G G N S V V T G K K R S P P N T R V S R R K S T E  

S V I L N A D A T K D E N N M L R T F S N T I A P N I H S A P P T K T A N S L E  

F P G I N L G S F N K P A V S S P L S S V T E S C F D P E S G K I A G K N G P K  
1921 
- m m "  
R A V N S K V S A S S P L S I A T P R S G D A O K O R S S K V P G N V V I K p P  

a a - m m  

2161 

2041 

~ G F S T T N L ~ I T L K ~ S ~ I I ~ S O ~ ~ ~ V S O E L P N ~ ~ N I ~ E A ~ ~  

G N D S R S S K G N R N T L S T P E E K K P S S N N O G Y D F D A L K N S S S L  
Z81 

L F P N O A Y A S N N R T P N E N S N V A D E T S A S T N S G D N D N T L I O E  

m" 
2401 
AcrXxm 

S S N V G T T L G P O O T S T N E N O N V H S O N L K F G N I G M V E D O G P P  
2521 
""" 

2641 
"""T 

Y D L N L L D T N E N D F N F I N W E G *  

FIGURE 2.-DNA sequences of FL08 from C strains  and $08-I of S288C strains. The FL08 DNA sequence  from Z strains  and 
its deduced protein sequence  are  shown. The change  at  position 608 from A to G in  the  S288C  strains vo8-1 allele) is indicated. 
The  underlined  protein  segments  represent  the  expected ORFs from S288C strains.  The  region  between two BstEII sites was 
removed  to  clone  the $08-1 mutation by gap repair.  The myc-tag is inserted  at  the BgZII site  of FL08. 

sequencing the $08 region from S288C strains. In  one FL08 region corresponding to the  mutation in plasmid 
approach, we used the Z FL08 gene to probe  a S288C pHLl was deleted by BstEII digestion (see Figure 2) 
yeast genomic library and cloned  the S288C $08 gene and  the  gapped FL08 on this plasmid was transformed 
(MATERIALS AND METHODS). In  an alternative approach, into  an S288C strain identified as$08/$08 (L5107). All 
we cloned  the S288C mutation by gap  repair. S. cerarisiae transformants of the BstEII-digested pHLl showed a 
replaces a gap  on a plasmid with  its corresponding  chro- Phd-  phenotype, whereas control transformants of un- 
mosomal DNA by homologous  recombination. The C digested pHLl gave a Phd' phenotype. This result indi- 
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cates that  the  gaprepaired plasmid had replaced  the 
gapped region with the  corresponding  chromosomal 
DNA that carries ajlo8mutation.  Sequence comparison 
among  the cloned S288C $08 gene,  gaprepaired $08, 
and  the C F1,08 confirmed  that S288Cfl08 and C FL08 
indeed differ by only 1  bp. S288C jl08, now called $08- 
I ,  has one base change from G to A, resulting in a stop 
codon in the coding  sequence  (see Figure 2).  There- 
fore, S288C strains probably produce a truncated inac- 
tive FloSp (Figure 2).  Our finding of a nonsense muta- 
tion in S288C agrees with our genetic  data  indicating 
that S288C has a mutation in the FLO8 gene  that blocks 
filamentous growth. 

Northern analysis indicates that  the FLO8 gene is ex- 
pressed in both haploid cells and diploid cells grown 
in SC medium (not shown). The same result was o b  
tained with a FL08-LacZ construct, which showed 
roughly equivalent activity in both  haploid and diploid 
cells (not shown). 

FL08 is required  for  pseudohyphal growth in both I= 
and S288C strains: The FId08 gene was deleted in C 
strains 10480-5C and 10480-5D using plasmid pHL129 
to replace the resident FL08 gene with deletion jZo8-2 
(creating strains L5816 and L5817, respectively). The 
presence of the  deletion was confirmed by Southern 
analysis. The deletionjlo8-2 has 85% of the  FId08coding 
region replaced by a hisGURA3KanRhisG insertion, re- 
sulting in a null mutation. C strains carrying this null 
mutation have no obvious growth defect on rich media. 
On SLAD medium,  diploid jl08-2/$08-2 strains are de- 
fective in pseudohyphal development (Figure 3, A and 
B); they fail to invade or form filaments. 

Expression of FL08 from a high copy plasmid 
(pHL135) in C diploids enhances filament formation 
on SLAD medium  (Figure  3C).  This enhancement is 
limited to this nitrogen starvation medium. No en- 
hancement was observed on media with standard levels 
of nitrogen. By comparison, PHDI and CPHl, genes 
whose overexpression enhances pseudohyphal growth, 
stimulate filament formation even on media containing 
standard  nitrogen  concentrations (GIMENO  and FINK 
1994; LIU et al. 1994). 

We also introduced a single copy  of the FL08 gene 
into  an S288C $08-1 strain background and found  that 
this functional FLO8 gene  introduced by transforma- 
tion is sufficient to  suppress the pseudohyphal defect. 
The experiment was executed by transforming FL08 
(pHLl1)  into  haploidjlo8-I strains €9'3 and FY2 yield- 
ing  transformants L5302 and L5304,  respectively. D i p  
loids (e.g., L5306) from the  mating between the trans- 
formed strains L5302 and L5304 are Phd', whereas a 
diploid (L5813) from the  mating between the  untrans- 
formed FY3 and FY2 is Phd- (Figure 3, E and  F).  Dip 
loids formed by mating  transformed strains by the  Phd- 
parents are also Phd+. These results show thatjlo8-1 is 
the  mutation in the S288C strain responsible for  the 
defect in pseudohyphal growth. 

973 
". 

. .  

FIGURE J.-FL08is necessaly  for  pseudohyphal  development 
in diploids. (A) A X FLO#/HA08strain (L5366). (B) A XJo8-  
2/J08-2 strain (L5818+pRS202). (C) A C FI,08/FIa08 strain 
carrying FL08 on a high  copy plasmid (L5366+pHL135). (D) 
EM93. (E) S288CJo8-I/$oBI  strain Lfi813. (F) S288C FI.OR/ 
FLO8 diploid strain created by integrative  transformation of 
FI-08 (L.5306). Yeast cells were  streaked out on SLAD medium 
for  single colonies. A-C  were grown for 3 days before  photogra- 
phy; D-F were grown for 4 days. 

The fro8 mutation  also affects haploid  invasion  and 
flocculation: Previous studies have shown that haploids 
of Saccharomyces are capable of invading the  agar 
(ROBERTS and  FINK 1994). Though  the haploid invasion 
and diploid pseudohyphal pathways  have  many features 
in common, haploid invasion is different from diploid 
invasion because haploid cells invade on rich YPD me- 
dium and poorly on SLAD, whereas diploids invade well 
on SLAD and poorly on YPD.  We examined  the C FLO8 
and $08 strains to determine  whether $08 was required 
for haploid invasion. A haploid C FLO8 strain invades 
well, whereas an isogenic C strain carrying the null al- 
lele of FLO8 voR2) is unable to invade (Figure 4). 
This phenotype is completely linked to jog-2in crosses, 
suggesting that FZ208 in ;T, is required both for diploid 
pseudohyphal growth and haploid invasion. 

Although haploid $08 strains from the S288C  back- 
ground also fail to invade on YPD, FL08 transformants 
of  S288C do not completely restore a vigorous haploid 
invasion phenotype. A S288C haploid strain (FY3) and 
its FLO8 transformants (L5302) were  analyzed on YPD. 
The S288C ::FL08 transformant.. were  only  partially  re- 
stored  for haploid invasive growth, despite the fact that 
the  corresponding S288C ::FLO8 diploid (L5306) had 
completely normal filamentous growth on SLAD (Fig- 
ure  SF). S288C must carry mutations in addition to 
$08 that affect haploid invasive growth, but  not diploid 
pseudohyphal growth. This result further  supports  the 
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Haploid invasive growth 
A B C D 

r[2g 
washing 

Haploid flocculation 
A B C D 

RGCRE 4.--I.%OR is reqtliretl for invasive growth and floc- 
culation in haploids. (A) A C FILM strain (10480-5C). (B) A 
CJo8-2strain (L5816). (C) A S288Cjlo8-I  strain (Fy3). (D) 
A S288C ::FLO8strain (L5302). The  top  panel shows the inva- 
sive growth of haploid cells on solid W D  medium. Strains 
were patched  and grown on YPD medium  for 3 days at 30". 
The plate was then washed with running  tap water to rinse 
away cells on the  agar surface.  Pictures were taken before  and 
after washing. The  bottom  panel shows the flocculation of 
different strains in liquid YPD medium. Cells were grown in 
W D  to  saturation, agitated on a vortex mixer, allowed to settle 
for 10 min and then  photographed.  The S288C::F1208culture 
(D) is more  transparent because  flocculent cells settle rapidly. 
The X FI.08 strain is only slightly more flocculent than  the 
C jZo8-2 strain, and this subtle difference is not  apparent  in 
the  photograph. 

idea that  although haploid invasive growth and diploid 
pseudohyphal growth share  common  features, they are 
not identical developmental events. Some mutations 
may affect one process without affecting the  other. 

FL08 haploids in the S288C background flocculate 
and settle more rapidly in liquid media than $08 h a p  
loids (Figure 4, C and D). This flocculation phenotype 
cosegregates with FL08 in S288C strains. The floccula- 
tion in FL08 strains is a consequence of an especially 
avid aggregation of the cells because the aggregated 
cells can be dispersed by chelating out  the calcium 
(STRATFORD 1989; TAYLOR and  ORTON 1975);  addition 
of 4 mM EDTA disperses the cell aggregates, and subse- 
quent addition of Ca++ leads to reaggregation. How- 
ever, this flocculation phenotype is not as pronounced 
in CFLO8 haploid strains (Figure 4, A and B), indicating 
the existence of other differences between S288C and 
C that affect the flocculation phenotype. Thus, with 
respect to both  haploid invasion and flocculation, the 
magnitude of the difference between FL08 and $08 
strains depends  upon  the  genetic  background (S288C 
or X). 

Flo8p is localized to the  nucleus: An epitope-tagged 
version  of  Flo8p was localized by immunofluorescence 

anti - myc DAPI Nomarski 

6. /. , 
I 

FIGURE .5.-Nuclear localization of the myc-tagged  FloSp. 
(A) A fl08-2/fi08-2 diploid  strain  carrying the myc-tagged 
FloSp (L5818+pHL138). (B) The  same jZoS/jZoS diploid 
strain  carrying untagged Flo8p (L5818+pHL135). 

microscopy. A triple myc epitope tag from pKB241 was 
inserted in frame with Flo8p (Figure 2) and FI,08::myd 
was expressed  from its own promoter on a high  copy 
yeast  vector (details in MATERIALS AND METHODS). This 
construct partially complements the Phd- phenotypes: 
FI,08::myd completely restores haploid invasive  growth 
to $08 (L5816)  cells;  however,  it  only  partially  com- 
plements the pseudohyphal growth defect in diploid 
$08/$08 (L5818). The diploid j08/$08 strain carrying 
FL08::myd was subjected to indirect immunofluores- 
cence microscopy.  myc-tagged  Fl08p  colocalized with the 
DAPI staining, suggesting that Flo8p is localized to the 
nucleus (Figure 5A). This nuclear localiiration was pres- 
ent in  cells  observed at all phases of  yeast  cell  cycle. A 
control strain overexpressing nontagged E08 showed 
only a hazy background level  of staining throughout the 
cell (Figure 5B). 

Pseudohyphal growth in  frequently  used laboratory 
strains We tested frequently used haploid laboratory 
strains for  their ability to form pseudohyphae in d i p  
loids formed by mating with the C haploid j o 8  tester 
strains 10397-7D and 10397-9B. Diploids formed be- 
tween a haploid strain D27310B/Al obtained from Dr. 
F. SHERMAN (used frequently in mitochondrial studies) 
and  our $08 tester form pseudohyphae  on SLAD me- 
dium.  This result suggests that  the D27310B/A1 strains 
have a functional copy  of the FL08 gene. Moreover, a 
diploid from that strain background, DAl  rho"XJM113, 
forms pseudohyphae on SLAD showing that respira- 
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tion-deficient strains are fully competent to undergo 
the morphological switch. Other studies differ in their 
assessment of the filamentation behavior of  D273-10B 
strains; one concludes that D273-10B haploid strains 
are capable of forming filaments (WRIGHT et al. 1993), 
whereas others  found strains from this background in- 
capable of forming pseudohyphae (BUCKETER et al. 
1993, 1994). The discrepancy could mean that muta- 
tions such asJo8were introduced  upon  subculturing in 
one case and  not in the  other.  Another haploid strain, 
A364A from L. HARTWELL (used extensively in cell divi- 
sion cycle studies) when mated to our $08 tester also 
produces diploids that filament under nitrogen starva- 
tion. On the  other  hand, W303 diploid strains (L5682) 
or diploids from a mating between a W303 haploid 
strain (EY699) and the $08 tester are all Phd-. This 
result suggests that W303  like  S288C contains a  non- 
functional FLO8 gene. Transformation of FLO8 into  a 
W303 diploid strain did not rescue the  Phd-  phenotype, 
suggesting that W303 has mutations in both  the FLO8 
gene  and  at least one  other gene essential for pseudohy- 
phal growth (result  not  shown). 

We also tested the correlation between diploid pseu- 
dohyphal growth and haploid invasive  growth  in these 
laboratory strains. As summarized in Table 3, X127813 
strains and  the A364A strains are  competent in both 
haploid invasion and diploid pseudohyphal growth, 
whereas S288C strains and W303 strains are deficient in 
both. However,  D273-10B/Al  fails to manifest haploid 
invasive growth on W D  medium, even though  the d i p  
loid strain of the same background forms filaments on 
SLAD. This result emphasizes the difference between 
haploid invasive growth and filamentous growth, D273- 

TABLE 3 

Comparison of haploid  invasive growth and diploid 
filamentous growth in various strain backgrounds 

Haploid Pseudohyphal 
Strains invasion  growth 

Haploids 
Z 1278b 
S288C 
D273-1OB/AI (Sherman) 
A364A (Hartwell) 

Diploids or polyploids 
EM93 
Fleischmann’s yeast 
Red Star dry  yeast 
Beer 2 

W303-1A 

+ +++ 
- - 
- ++ 
+ +++ 
- - 

NA ++++ 
NA - 
NA ++++ 
NA - 

The +, pseudohyphal growth was observed. The number 
of +s indicates the relative extent of pseudohypal growth. -, 
no pseudohyphal growth was observed. The + for haploid 
invasion means that  the strain invaded the agar as determined 
by the haploid invasion assay (RESULTS). NA, not applicable. 
For the haploid strains pseudohyphal growth was determined 
in diploids, made in each instance by mating the relevant 
haploid by a S288C $08 strain. 

lOB/Al haploids contain  a  mutation(s)  that interferes 
with haploid invasive growth, but this mutation does 
not affect diploid filament formation. 

Pseudohyphal  formation  in  feral  and  industrial 
strains: EM93  is a feral strain isolated in  1936 from a 
rotting fig  in Merced, California (MORTIMER andJoHN- 
STON 1986). This strain is the ancestor of  S288C and 
contributes most of the  genome in  S288C.  EM93  is a 
heterothallic diploid and develops florid pseudohyphae 
on standard  nitrogen starvation medium (Figure 3D). 
The spores from seven  EM93 tetrads were mated to308 
tester strains to  determine  whether they could form 
pseudohyphae in diploids. In each tetrad all four spores 
were capable of forming pseudohyphae with the $08 
tester, indicating that EM93  was homozygous for FLO8 
and was not  the origin of the $08 mutation in  S288C. 
In addition to  EM93,  many strains isolated from AIDS 
patients are  dimorphic, making elaborate pseudohy- 
phae  upon  nitrogen starvation. One of these extensively 
analyzed by MCCUSKER (MCCUSKER et al. 1994a,b) is a 
diploid. 

Industrial strains are  not strictly comparable either 
to laboratory or feral strains although both the labora- 
tory and industrial strains are presumed to be derived 
from the feral strains. One difficulty in comparing these 
strains of different origin is that the industrial strains 
are often polyploid and of uncertain chromosome con- 
stitution. Nevertheless, several  of them were  analyzed 
for pseudohyphal formation on nitrogen starvation me- 
dium. Red Star baking yeast made dramatic filaments 
similar to those of  EM93.  However, Fleischmann’s yeast, 
another baking strain, fails to make filaments when 
starved for nitrogen.  A brewing  yeast strain from the 
brewery  in  Seville, Spain also  fails to make filaments. 

DISCUSSION 

FL08 is  required  for  pseudohyphal  formation  in dip 
loids, and  invasive growth and  flocculation  in  hap- 
loids: Several lines of evidence indicate that  a func- 
tional copy  of FLO8 is necessary for filamentous growth 
in diploids. First a$o8mutation in  S288C strains blocks 
the pseudohyphal growth of S288C diploids. Introduc- 
tion of a single copy of X-derived FLO8 into  a S288Cj0S 
strain restores the Phd+ phenotype. Second, deletion of 
the FLO8 gene in C strains renders them Phd-. More- 
over, overproduction of FL08 in C diploids promotes 
more vigorous pseudohyphal growth. 

FLO8 is also  involved  in two haploid specific pro- 
cesses:  invasive  growth and flocculation. Invasive  growth 
is defined operationally by washing  cells off the agar 
surface of petri plates; strains that  are  competent to 
invade leave a visible residue after the wash,  whereas 
those that fail to invade do not (ROBERTS and FINK 
1994). Although haploid invasive  growth requires many 
of the same genes as diploid pseudohyphal growth, in- 
cluding elements of the pheromone response pathway 
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and FL08, the two processes  have a  number of differ- 
ences. First, haploid invasive  growth is limited to rich 
media and does not occur on SLAD. By contrast, dip- 
loids invade much more poorly than haploids on rich 
medium. Second, the  haploid cells on rich medium can 
be removed from the agar surface by rubbing with a 
finger, whereas diploid filaments on low nitrogen me- 
dium have penetrated far beneath  the agar and  cannot 
be rubbed off. 

Both the invasive growth on rich medium and floccu- 
lation are under the  control of  FL08.  Since these are 
haploid phenotypes that  are  not manifest in diploids, 
both may be regulated by a l a 2  repression. Although 
a functional FL08  gene is required for both processes, 
a comparison of Z FL08  and S288C::FL08 haploid 
strains indicates that  the  extent of  invasive growth does 
not  correlate with that of flocculation, the Z FL08strain 
is more invasive but less flocculent than S288C  ::FL08. 

The  function  of Flo8p: The FL08  gene was recently 
reported to be the putative transcriptional activator for 
FLOl (KOBAYASHI et al. 1996). FLOl and  FL05  are domi- 
nant flocculation genes that  encode cell  wall-associated 
proteins  that  share 96% identity in protein  sequence 
(TEUNISSEN et al. 1993, 1995a; BIDARD et al. 1995). Our 
observation that Flo8p is localized to the nucleus and 
is required  for flocculation in S288C  is consistent with 
its reported role as a transcriptional activator of FLOl. 
Furthermore,  the  finding  that  FL08 is also required 
for diploid filamentous growth and haploid invasion 
suggests the existence of other genes under Flo8p regu- 
lation. Ssn6p and  Tuplp(Spl2p) unlike Flo8p are nega- 
tive regulators of flocculation (TEUNISSEN et al. 1995b); 
haploid strains containing  the ssn6 or tup1 mutations 
are  more flocculent than SSN6 TUP1 strains. Ssn6p- 
Tuplp, which  acts  as a complex in transcriptional re- 
pression (KELEHER et al. 1992), could play a  direct role 
in repressing FLOl transcription. 

Many laboratory and industrial strains are defective 
in pseudohyphal  formation: A number of laboratory 
strains (S288C and W303)  have a recessive mutation in 
the  FL08  gene  that blocks haploid invasive  growth and 
diploid pseudohyphal growth. Where did  the $08 muta- 
tion arise? Presumably, the $08 mutation was selected 
passively  by yeast geneticists who found  the  properties 
of the  FL08 haploids a nuisance for genetic and bio- 
chemical analysis. The diploid progenitor of  S288C  is 
EM93,  which is homozygous for  a functional FL08gene. 
Its haploid progeny are extremely flocculent making 
them difficult to transfer upon replica-plating. More- 
over, in liquid cultures, these flocculent cells do  not 
stay in suspension, making it difficult to measure their 
growth rate or to obtain colonies that arise from a single 
cell upon plating on solid medium. It is  likely that in 
the decades since yeast  was first domesticated the $08 
mutation was selected by yeast geneticists who picked 
nonflocculent colonies that replica-plate well on solid 
medium and stay in suspension in liquid. 

Laboratory strains of Saccharomyces contain many 
naturally occurring mutations in addition toJ08.  S288C 
is known to have a  number of mutations including ga12, 
suc2, mal, and $01 (MORTIMER and JOHNSTON 1986). 
The suc2 mutation is the result of an  amber  codon in 
the  coding  sequence of the SUC2 gene (CARLSON et al. 
1981; GOZALBO and HOHMANN 1989). The mal and $01 
mutations are the consequence of deletions of repeated 
sequence close to telomeres (MORTIMER andJOHNSTON 
1986). S288C  also  has a mutation in the KSSl gene 
(ELION et al. 1991a,b). Another example of naturally 
occurring mutations is  SSDl in W303 strains (SUTTON 
et al. 1991; COSTIGAN et al. 1992; STETTLER et al. 1993; 
KIKUCHI et al. 1994). There is also variation in the copy 
number  and location of the RTMl gene in different S. 
cereuisiue strains (NESS and AXLE 1995). Some strains 
are completely devoid of the RTMl sequence. The dif- 
ference between RTMl or r tml  strains appears to be 
a consequence of deletions caused by rearrangements 
between repeated telomeric sequences. 

With the completion of the  sequence of the  entire 
yeast genome,  the presence of other naturally occurring 
mutations may become recognized. One way to identify 
these mutations is to search for pairs of ORFs tran- 
scribed from the same DNA strand  that  are  interrupted 
by a nonsense codon or short insertion sequence. Our 
survey of ORFs on yeast chromosome ZZZhave identified 
at least three pairs of ORFs that  are separated by a very 
short DNA segment, including: YCLO61c/YCLO6Oc, 
YCRO86w/YCRO87w, and YCR099c/YCRlOOc. These 
short  interruptions could represent genes that  are  non- 
functional in S288C, but functional in other strain back- 
grounds. 

We also find that many industrial strains do  not form 
pseudohyphae. Most industrial strains are diploid or 
of higher ploidy and should  be capable of filament 
formation on SLAD medium. Yet,  many do not form 
filaments. Presumably, the filament formation and ag- 
gregation properties of pseudohyphal cells  were not 
desirable for the growth in a  fermentor and were  se- 
lected against when these brewing and baking strains 
were developed. It would be interesting to know 
whether these strains also  have a defective FL08  gene. 

Many feral strains of Saccharomyces  are  filamen- 
tous: A number of  Saccharomyces strains that have 
been isolated directly from their  natural habitat (fruits 
or vegetables) and analyzed without extensive labora- 
tory culture  appear to be dimorphic diploids. EM93 the 
progenitor of  S288C  was isolated from a  rotting fig in 
Merced, California. Recently, strains of S. cereuisiue have 
been isolated from immunocompromised humans. 
Many of these strains are diploid and filamentous 
(MCCUSKER et al. 1994a,b; C. A. STYLES and G. R. FINK, 
unpublished results). We suspect that  dimorphism,  the 
ability of Saccharomyces to switch  between its yeast and 
filamentous form, contributes to its ability to survive 
in both plant and animal tissue. The earliest recorded 
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observation of filamentous growth in feral strains of 
Saccharomyces was made by EMIL CHRISTIAN HANSEN 
(HANSEN 1886). 

. . . I have shown  that  “veil formation” commonly oc- 
curs  with  a  variety of microorganisms,  bacteria as well  as 
fungi. 

We have  observed  this  with the Saccharomyces  as  well, 
and learned that the cells in the veils of old cultures 
develop a more elongated form, and more complex colo- 
nies; filiform cells were formed, resembling bacteria. 

(translated by Dr. DANIEL KORNITZER) 
It is probably significant that  the unusual filaments o b  
served by HANSEN formed in cultures that were incu- 
bated over long periods of time. Presumably, the cells 
in these cultures were  starved for  nutrients such as  ni- 
trogen. 
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ATTACHMENT I--FINAL RISK ASSESSMENT OF
SACCHAROMYCES CEREVISIAE

(February 1997)

I. INTRODUCTION

Saccharomyces  cerevisiae  has an extensive history of use in
the area of food processing.  Also known as Baker's Yeast or
Brewer's Yeast, this organism has been used for centuries as
leavening for bread and as a fermenter of alcoholic beverages. 
With a prolonged history of industrial applications, this yeast
has been either the subject of or model for various studies in
the principles of microbiology.  Jacob Henle based his theories
of disease transmission on studies of strains of Brewer's Yeast. 
Currently, S . cerevisiae  is the subject of a major international
effort to characterize a eucaryotic genome (Anderson, 1992).

History of Commercial Use and Products Subject to TSCA
Jurisdiction

Saccharomyces  cerevisiae , in addition to its use in food
processing, is widely used for the production of macromolecular
cellular components such as lipids, proteins including enzymes,
and vitamins (Bigelis, 1985; Stewart and Russell, 1985).  

The Food and Drug Administration rates Brewer's Yeast
extract as Generally Recognized as Safe (FDA, 1986). Furthermore,
the National Institutes of Health in its Guidelines for Research
Involving Recombinant DNA Molecules (DHHS, 1986) considers S .
cerevisiae  a safe organism.  Most experiments involving S .
cerevisiae  have been exempted from the NIH Guidelines based on an
analysis of safety (see Appendix C-II of the NIH Guidelines). 
While alcoholic beverages, vitamins, and bread leavening are
covered under the Federal Food, Drug and Cosmetic Act, the
production of enzymes and other macromolecules may be subject to
TSCA regulation.  The abundance of information on S . cerevisiae ,
derived from its role in industry, has positioned it as a primary
model for genetic studies and, by extension, as a strong
candidate for genetic manipulation for TSCA applications
(Dynamac, 1990).  

II. IDENTIFICATION AND CLASSIFICATION

A. Taxonomy and Characterization

YM95NC Attachment -- Page 363



2

Saccharomyces  cerevisiae  is a yeast.  The organism can exist
either as a single-celled organism or as pseudomycelia.  The
cells reproduce by multilateral budding.  It produces from one to
four ellipsoidal, smooth-walled ascospores.  S . cerevisiae  can be
differentiated from other yeasts based on growth characteristics
and physiological traits:  principally the ability to ferment
individual sugars.  Clinical identification of yeast is conducted
using commercially available diagnostic kits which classify the
organism through analysis of the ability of the yeast to utilize
distinct carbohydrates as sole sources of carbon (Buesching et
al., 1979; Rosini et al., 1982).  More recently, developments in
systematics have led to the design of sophisticated techniques
for classification, including gas-liquid chromatography of lysed
whole cells (Brondz and Olsen, 1979).

As a result of the application of newer techniques arising
from innovative approaches, the taxonomy of Saccharomyces  is
subject to greater scrutiny.  The initial classification was
based principally on morphological characteristics with specific
physiological and biochemical traits used to differentiate
between isolates with similar morphological traits.  Using these
criteria, there are as many as 18 species listed in the
literature.  In addition, what had been classified as one large
heterogeneous species, S . cerevisiae , may, in the future, be
divided into four distinct species based on DNA homology studies. 
The four species are S . cerevisiae , S . bayanus  (also known as S .
uvarum ), S . pasteurianus  (also known as S . carlsbergensis ), and
S. paradoxus .  All four represent industrially important species.
None of these organisms or other closely related species has been
associated with pathogenicity toward humans or has been shown to
have adverse effects on the environment.

Any assessment of Saccharomyces  must take into consideration
the malleability of the current classification.  For this
assessment of S . cerevisiae  the reviews of the organism are based
on the classification proposed by Van der Walt (1971). 

B. Related Species of Concern

None of the above strains or other closely related species
has been associated with pathogenicity toward humans or has been
shown to have adverse effects on the environment.  

III. HAZARD ASSESSMENT

A. Human Health Hazards

1. Colonization and Pathogenicity

S. cerevisiae  is a commonly used industrial microorganism
and is ubiquitous in nature, being present on fruits and
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vegetables.  Industrial workers and the general public come into
contact with S . cerevisiae  on a daily basis through both
inhalation and ingestion (see section IV).  Saccharomyces  spp.
are frequently recovered from the stools and throats of normally
healthy individuals.  This indicates that humans are in constant
contact with these yeasts.   

There are individuals who may ingest large quantities of S .
cerevisiae  every day, for example, people who take the yeast as
part of a "health food" regimen.  Therefore, studies were
conducted to ascertain whether the ingestion of large numbers of
these yeasts might result in either colonization, or colonization
and secondary spread to other organs of the body.  It was found
that the installation of very large numbers of S . cerevisiae  into
the colons of animals would result in both colonization and
passage of the yeasts to draining lymph nodes.  It required up to
10  S . cerevisiae  in a single oral treatment to rats to achieve10

a detectable passage from the intestine to the lymph nodes
(Wolochow et al., 1961).  The concentrations of S . cerevisiae
required were well beyond those that would be encountered through
normal human daily exposure.

S. cerevisiae  is not considered a pathogenic microorganism,
but has been reported rarely as a cause of opportunistic
infections.  Eng et al. (1984) described five cases of such
infections and reviewed the literature on eight other S .
cerevisiae  infections (also briefly reviewed by Walsh and Pizzo,
1988).  All of the patients in the cases had underlying disease. 
Some of them had also received antibiotic therapy, thereby
suppressing normal bacterial flora and allowing mycotic organisms
to become established.  

A low concern for the pathogenicity of S . cerevisiae  is also
illustrated by a series of surveys conducted at hospitals over
the last several years.  S . cerevisiae  accounted for less than 1%
of all yeast infections isolated at a cancer hospital and in most
of the cases the organism was isolated from the respiratory
system (Kiehn et al., 1980).  At Yale-New Haven Hospital over the
past five years, there have been 50 isolates of S . cerevisiae
recovered from patients; however, most of the isolates were
considered contaminants (Dynamac, 1991). 

2.  Toxin Production

There have been no reports of isolates of S . cerevisiae  that
produce toxins against either humans or animals.  However, S .
cerevisiae  has been shown to produce toxins against other yeasts. 
These toxins, termed "killer toxins", are proteins or
glycoproteins produced by a range of yeasts.  The yeasts have
been genetically modified to alter activity and are used in
industrial settings as a means of controlling contamination of
fermentation systems by other yeasts (Sid et al., 1988). 
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3.   Measure of the Degree of Virulence

A number of individual virulence factors have been
identified as being associated with the ability of yeasts to
cause disease.  The principal virulence factors associated with
yeasts appear to be phospholipase A and lysophospholipase.  It is
believed that these enzymes enhance the ability of the yeast to
adhere to the cell-wall surface and result in colonization as a
first step in the infectious process.  Nonpathogenic yeast had
considerably lower phospholipase activities.  Of a wide range of
fungi assayed for phospholipase production, S . cerevisiae  was
found to have the lowest level of activity (Barrett-Bee et al.,
1985).  Therefore, based on the phospholipase virulence factor S .
cerevisiae  is considered a nonpathogenic yeast.   

A second factor associated with virulence in yeast is the
ability of a fungus to impair the host's immune capabilities. 
The cell walls of most fungi have the capacity to impede the
immune response of the host.  In a study to determine the overall
pathogenicity of a number of yeasts used in industrial processes,
animals exposed to both high levels of S . cerevisiae  and
cortisone demonstrated a greater ability of the fungus to
colonize compared with those animals treated with only the yeast. 
However, the animals suffered no ill-effects from exposure to S .
cerevisiae  (Holzschu et al., 1979).  Therefore, this study
suggests that even with the addition of high levels of an
immunosuppressant agent, S . cerevisiae  appears to be
nonpathogenic.

4.   Ability to Transfer Virulence Factor Genes

S. cerevisiae  does not carry virulence factors to humans or
animals.  However, the species does carry linear, double-stranded
plasmids which can be transmitted to other Saccharomyces .  These
plasmids carry genes that encode the "killer toxins" discussed
above can be transferred from one Saccharomyces  to another.  
Therefore, gene constructs involving the incorporation of traits
using these linear plasmids should be considered to be nonstable.

5.   Summary

In conclusion, S . cerevisiae  is a organism which has an
extensive history of safe use.  Despite considerable use of the
organism in research and the presence of S . cerevisiae  in food,
there are limited reports in the literature of its pathogenicity
to humans or animals, and only in those cases where the human had
a debilitating condition.  Factors associated with the virulence
of yeasts (i.e., phospholipases) indicate that this organism is
nonpathogenic.  The organism has not been shown to produce toxins
to humans.
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B. Environmental Hazards

S. cerevisiae  is ubiquitous in nature.  It has been
recovered from a variety of sites under varying ecological
conditions.  The organism is used in a variety of industrial
scenarios.  S . cerevisiae  is commonly recovered from a variety of
fresh fruits and vegetables, generally those fruits with high
levels of fermentable sugars.  However, it is not listed as the
causative agent of food spoilage for fruits and vegetables (Phaff
et al., 1966).  The only adverse effect to the environment noted
in the literature is the presence of the "killer toxins" which is
active against other strains of Saccharomyces .

IV. EXPOSURE ASSESSMENT

A. Worker Exposure

S. cerevisiae  is considered a Class 1 Containment Agent
under the National Institute of Health (NIH) Guidelines for
Recombinant DNA Molecules (U.S. Department of Health and Human
Services, 1986).  

No data were available for assessing the release and
survival specifically for fermentation facilities using S .
cerevisiae .  Therefore, the potential worker exposures and
routine releases to the environment from large-scale,
conventional fermentation processes were estimated on information
available from eight premanufacture notices submitted to EPA
under TSCA Section 5 and from published information collected
from non-engineered microorganisms (Reilly, 1991).  These values
are based on reasonable worst-case scenarios and typical ranges
or values are given for comparison.  

During fermentation processes, worker exposure is possible
during laboratory pipetting, inoculation, sampling, harvesting,
extraction, processing and decontamination procedures.  A typical
site employs less than 10 workers/shift and operates 24 hours/day
throughout the year.  NIOSH has conducted walk-through surveys of
several fermentation facilities in the enzyme industry and
monitored for microbial air contamination.  These particular
facilities were not using recombinant microorganisms, but the
processes were considered typical of fermentation process
technology.  Area samples were taken in locations where the
potential for worker exposure was considered to be potentially
greatest, i.e., near the fermentor, the seed fermentor, sampling
ports, and separation processes (either filter press or rotary
drum filter).  The workers with the highest potential average
exposures at the three facilities visited were those involved in
air sampling.  Area samples near the sampling port revealed
average airborne concentrations ranging from 350 to 648 cfu/m . 3

Typically, the Chemical Engineering Branch would not use area
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monitoring data to estimate occupational exposure levels since
the correlation between area concentrations and worker exposure
is highly uncertain.  Personal sampling data are not available at
the present time.  Thus, area sampling data have been the only
means of assessing exposures for previous PMN biotechnology
submissions.  Assuming that 20 samples per day are drawn and that
each sample takes up to 5 minutes to collect, the duration of
exposure for a single worker will be about 1.5 hours/day. 
Assuming that the concentration of microorganisms in the worker's
breathing zone is equivalent to the levels found in the area
sampling, the worst-case daily inhalation exposure is estimated
to range up to 650 to 1200 cfu/day.  The uncertainty associated
with this estimated exposure value is not known (Reilly, 1991).

B.   Environmental and General Exposure         

1.   Fate of the Organism

S. cerevisiae  is a normal inhabitant of soils and is
widespread in nature.  S . cerevisiae  is able to take up a wide
variety of sugars and amino acids.  These traits enhance the
organism's ability for long term survival.  S . cerevisiae  can be
isolated from fruits and grains and other materials with a high
concentration of carbohydrates (LaVeck, 1991).  

2.   Releases

Estimates of the number of S . cerevisiae  organisms released
during production are tabulated in Table 1 (Reilly, 1991).  The
uncontrolled/untreated scenario assumes no control features for
the fermentor off-gases, and no inactivation of the fermentation
broth for the liquid and solid waste releases.  The containment
criteria required for the full exemption scenario assume the use
of features or equipment that minimize the number of viable cells
in the fermentor off-gases.  They also assume inactivation
procedures resulting in a validated 6-log reduction of the number
of viable microorganisms in the liquid and solid wastes relative
to the maximum cell density of the fermentation broth.
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_________________________________________________________________
TABLE 1.  Estimated Number of Viable Saccharomyces  cerevisiae

Organisms Released During Production

Uncontrolled/ Full
Release Media Untreated Exemption Release

(cfu/day) (cfu/day)    (days/year)
_________________________________________________________________

Air Vents 2x10  - 1x1011     <2x10  - 1x1011 3508 8

Rotary Drum Filter 250 250 350
Surface Water 7x10 7x10  9012 6

Soil/Landfill 7x10 7x10  9014 8

_________________________________________________________________
Source: Reilly, 1991

  These are "worst-case" estimates which assume that the maximum
cell density in the fermentation broth for fungi is 10  cfu/ml, 7

with a fermentor size of 70,000 liters, and the separation
efficiency for the rotary drum filter is 99 percent.

3. Air

Specific data which indicate the survivability of S .
cerevisiae  in the atmosphere after release are currently
unavailable.  Survival of vegetative cells during aerosolization
is typically limited due to stresses such as shear forces,
desiccation, temperature, and UV light exposure.  As with
naturally-occurring strains, human exposure may occur via
inhalation as the organisms are dispersed in the atmosphere
attached to dust particles, or lofted through mechanical or air
disturbance.

Air releases from fermentor off-gas could potentially result
in nonoccupational inhalation exposures due to point source
releases.  To estimate exposures from this source, the sector
averaging form of the Gaussian algorithm described in Turner
(1970) was used.  For purposes of this assessment, a release
height of 3 meters and downward contact at a distance of 100
meters were assumed.  Assuming that there is no removal of
organisms by controls/equipment for off-gases, potential human
inhalation dose rates are estimated to range from 3.0 x 10  to 3

1.5 x 10  cfu/year for the uncontrolled/untreated scenario and6

less than that for systems with full exemptions.  It should be
noted that these estimates represent hypothetical exposures under
reasonable worst case conditions (Versar, 1992).

4. Water

The concentrations of S . cerevisiae  in surface water were
estimated using stream flow values for water bodies receiving
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process wastewater discharges from facilities within SIC Code 283
(drugs, medicinal chemicals, and pharmaceuticals).  The surface
water release data (cfu/day) tabulated in Table 1 were divided by
the stream flow values to yield a surface water concentration of
the organism (cfu/l).  The stream flow values for SIC Code 283
were based on discharger location data retrieved from the
Industrial Facilities Dischargers (IFD) database on December 5,
1991, and surface water flow data retrieved from the RXGAGE
database.  Flow values were obtained for water bodies receiving
wastewater discharges from 154 indirect (facilities that send
their waste to a POTW) and direct dischargers facilities that
have a NPDES permit to discharge to surface water).  Tenth
percentile values indicate flows for smaller rivers within this
distribution of 154 receiving water flows and 50th percentile
values indicate flows for more average rivers.  The flow value
expressed as 7Q10 is the lowest flow observed over seven
consecutive days during a 10-year period.  The use of this
methodology to estimate concentrations of S . cerevisiae  in
surface water assumes that all of the discharged organisms
survive wastewater treatment and that growth is not enhanced by
any component of the treatment process.  Estimated concentrations
of S . cerevisiae  in surface water for the uncontrolled/untreated
and the full exemption scenarios are tabulated in Table 2
(Versar, 1992).

TABLE 2.  S . cerevisiae  Concentrations in Surface Water

                          Receiving
   Flow                  Stream Flow             Organisms
                            (MLD*)                (cfu/l)
                        _________________________________________

Mean 7Q10 Mean 7Q10
_________________________________________________________________

Uncontrolled/Untreated
  10th Percentile 156 5.60 4.5x10 1.25x104 6

  50th Percentile 768     68.13 9.11x10 1.03x10 3 5

Full Exemption
  10th Percentile 156 5.60 4.5x10 1.25x100-2 0

  50th Percentile 768     68.13 9.11x10 1.03x10 -3 -1

_________________________________________________________________
*MLD = million liters per day
Source: Versar, 1992

5.   Soil

Since soil is a natural habitat for S . cerevisiae , it would
be expected to survive well in soil.  These releases could result
in human and environmental exposure (Versar, 1992).  It is
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currently estimated that over one million tons of naturally-
occurring yeast are produced annually during brewing and
distilling practices (LaVeck, 1991).  

6.   Summary

Although direct monitoring data are unavailable, worst case
estimates do not suggest high levels of exposure of S . cerevisiae
to either workers or the public resulting from normal
fermentation operations. 

V. INTEGRATED RISK ASSESSMENT

A. Discussion

There is an extensive history of use of and exposure to S .
cerevisiae  with a very limited record of adverse effects to the
environment or human health.  Yeast has been used for centuries
as a leavening for bread and fermenter of beer without records of
virulence.  S . cerevisiae  is currently classified as a class 1
containment organism under the NIH Guidelines based largely on
the extensive history of safe use. 

Factors associated with the development of disease states in
fungi have been reviewed.  Data suggests that only with the
ingestion of high levels of S . cerevisiae  or with the use of
immunosuppressants can S . cerevisiae  colonize in the body.  Even
under those conditions, there were no noted adverse effects.  In
the few cases which S . cerevisiae  was found in association with a
disease state, the host was a debilitated individual, generally
with an impaired immune system.  In other cases the organism was
recovered from an immunologically privileged site (i.e.,
respiratory tract).  Many scientists believe that under
appropriate conditions any microorganism could serve as an
opportunistic pathogen.  The cases noted in the above Human
Health Assessment, where S . cerevisiae  was found in association
with a disease state, appear to be classic examples of
opportunistic pathogenicity (see III.A.3).  

The organism is not a plant or animal pathogen.  Despite the
fact that S . cerevisiae  is ubiquitous in nature, it has not been
found to be associated with disease conditions in plants or
animals.  The only adverse environmental condition that was noted
is the production of "killer toxins" by some strains of the
yeast.  These toxins have a target range that is limited to
susceptible yeasts.  The toxins, proteins and glycoproteins, are
not expected to have a broad environmental effect based largely
on the anticipated short persistence of the toxins in soil or
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water and by the limited target range.  S . cerevisiae  "killer
toxin" has been used industrially to provide a level of
protection against contamination by other yeasts in the
fermentation beer.  

The current taxonomy of Saccharomyces  is under revision
based on the development of alternative criteria.  However, this
should not have a major effect on the risk associated with
closely related species.  Saccharomyces , as a genus, present low
risk to human health or the environment.  Criteria used to
differentiate between species are based on their ability to
utilize specific carbohydrates without relevance to
pathogenicity.  Nonetheless, this risk assessment applies to
those organisms that fall under the classical definition of S .
cerevisiae  as described by van der Walt (1971).

S. cerevisiae  is a ubiquitous organism which, despite its
broad exposure, has very limited reported incidence of adverse
effects. The extensive history of use, the diversity of
products currently produced by the organism, and the attention
given this organism as a model for genetic studies collectively
makes this organism a prime candidate for full exemption.  The
increased knowledge derived from the ongoing research should
further enhance this organisms' biotechnological uses.

B. Recommendation

Saccharomyces  cerevisiae  is recommended for the tiered
exemption.
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